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Zusammenfassung
Ionisierende Strahlung kann sowohl eine entzu¨ndungshemmende, als auch eine entzu¨ndungsfo¨rdernde
Wirkung entfalten. Die entzu¨ndungshemmende Wirkung niedriger Strahlendosen wird im Rahmen der
Radontherapie erfolgreich zur Linderung von chronischen entzu¨ndlichen Erkrankungen wie Morbus
Bechterew eingesetzt. Im Gegensatz dazu steht die entzu¨ndungsfo¨rdernde Wirkung hoher Strahlen-
dosen, die vor allem bei Normalgewebsscha¨den im Rahmen der Tumortherapie eine Rolle spielt. Die
Mechanismen, die diesen unterschiedlichen Wirkungen zugrunde liegen, sind nicht vollsta¨ndig gekla¨rt
und wurden in der vorliegenden Arbeit untersucht. Hierfu¨r wurden Kohlenstoffionen verwendet, zum
einen weil deren physikalischen Eigenschaften dem Alphazerfall von Radon a¨hneln, zum anderen weil
bei Normalgewebseffekten nach Bestrahlung mit von Kohlenstoffionen im Rahmen der Tumortherapie
immer noch Forschungsbedarf besteht.
Der erste Teil dieser Arbeit befasst sich mit der entzu¨ndungshemmenden Wirkung. Ein wichtiger
Prozess der beginnenden Entzu¨ndung ist die Adha¨sion von Leukozyten an die Blutgefa¨ßwand und
deren Extravasion in das Gewebe. Diese Prozesse werden vermittelt durch spezialisierte Membran-
proteine, den Adha¨sionsmoleku¨len, welche bei Entzu¨ndung vermehrt auf der Oberfla¨che von En-
dothelzellen pra¨sentiert werden. Es wurde untersucht, ob E-selectin, ICAM-1 und VCAM-1—drei sehr
wichtige Adha¨sionsmoleku¨le—nach Bestrahlung von prima¨ren Endothelzellen mit niedrigen Dosen von
Ro¨ntgenstrahlen und Kohlenstoffionen herunterreguliert werden, was auf eine entzu¨ndungshemmende
Wirkung hindeuten wu¨rde. Hierzu wurde erstmals multiplex Durchflusszytometrie eingesetzt. Obwohl
in vorangegangen Experimenten eine Reduktion der Leukozytenadha¨sion nach Bestrahlung festgestellt
wurde, konnte kein signifikanter Strahleneffekt auf die Adha¨sionsmoleku¨le festgestellt werden. Demzu-
folge ist es mo¨glich, dass Prozesse wie Clustering von Adha¨sionsmoleku¨len auf der Zelloberfla¨che eine
gro¨ßere Rolle bei der Adha¨sion spielen als bisher angenommen, oder dass zusa¨tzliche Faktoren und
Adha¨sionsmoleku¨le bei der Strahlenantwort beteiligt sind.
Im zweiten Teil wurde die entzu¨ndungsfo¨rdernde Wirkung im Rahmen von Normalgewebskomplika-
tionen der Rattenlunge untersucht. Akute Pneumonitis, fu¨r sich schon eine schwere Nebenwirkung der
Bestrahlung des Lungenkarzinoms, wird als Mitauslo¨ser von chronischen Effekten wie die Lungenfibrose
angesehen, die den Tod des Patienten zur Folge haben ko¨nnen. Die Untersuchung der Auswirkung
von neuen Behandlungstechniken wie der Schwerionentherapie auf Normalgewebsscha¨den der Lunge
soll zeigen, wie im Vergleich mit anderen Strahlenarten Spa¨teffekte ausgelo¨st werden. Fu¨r die Unter-
suchungen wurden Ratten mit Kohlenstoffionen unter Therapiebedingungen bestrahlt. Die Messung
der Atemfrequenz sowie die histologische Analyse der Strahleneffekte im Vergleich mit der auch oft
eingesetzten Protonenbestrahlung haben gezeigt, dass Kohlenstoffionen die gleichen Effekte auslo¨sen
wie Ro¨ntgenstrahlen oder Protonen, allerdings bei einer niedrigeren physikalischen Dosis. Die relative
biologische Wirksamkeit betra¨gt etwa 1,3 fu¨r die meisten Effekte, was in guter U¨bereinstimmung mit
Studien an anderen Organen ist. Mithilfe der hier etablierten und teils weiterentwickelten automatis-
chen Bildsegmentierung konnte weiterhin gezeigt werden, dass die Anzahl an alveolaren Makrophagen
selbst in der chronischen Phase der Pneumonitis immer noch erho¨ht ist. Interessant hierbei ist, dass die
erho¨hte Makrophagenanzahl ausschließlich in bestrahlten und damit fibrotischen Bereichen zu finden
ist, und a¨hnliche Verteilungsmuster von Makrophagen bereits in der fru¨hen Phase der Pneumonitis
beobachtet werden ko¨nnen, obwohl dann noch keine Fibrose vorhanden ist. Dies unterstu¨tzt die Ver-
mutung, dass Makrophagen an der Auspra¨gung von Fibrose direkt in den fibrotischen Arealen beteiligt
sind. Profibrotische Mechanismen wie Epitheliale-Mesenchymale Transition oder die Einwanderung von




Ionizing radiation is able to elicit an anti-inflammatory, as well as a pro-inflammatory response. The
anti-inflammatory effect of low radiation doses is successfully used within the scope of radon therapy
to treat chronic inflammatory conditions such as Morbus Bechterew. In contrast, high radiation
doses elicit a pro-inflammatory response which plays a role in normal tissue injury occurring after
tumor therapy. The mechanisms underlying those differential effects are not fully understood and were
investigated in the present thesis. Carbon ions were used for this investigation because on the one
hand, carbon ions have physical features similar to the alpha decay of radon, and on the other hand,
normal tissue effects occurring after tumor therapy with carbon ions are still subject to investigation.
The first part of this thesis addresses the anti-inflammatory response. An important process of the
beginning inflammation is the adhesion of leucocytes to the blood vessel wall and their extravasation
into the tissue. These processes are mediated by specialized membrane proteins, the adhesion molecules,
which are presented on the surface of endothelial cells during inflammation. It was investigated whether
E-selectin, ICAM-1 and VCAM-1—three very important adhesion molecules—are downregulated after
low-dose carbon ion and X-irradiation of primary endothelial cells, which would point towards an
anti-inflammatory effect. For the first time, multiplex flow cytometry was used for these experiments.
Although previous experiments demonstrated a reduction of leucocyte adhesion after irradiation, no
significant radiation effect on adhesion molecules was found. Accordingly, processes such as clustering
of adhesion molecules on the cell surface could play a greater role as previously assumed, or additional
factors and adhesion molecules participate in the radiation response.
In the second part, the pro-inflammatory effect of ionizing radiation was investigated within the
scope of normal tissue complications of the rat lung. Acute pneumonitis, by itself already a severe side
effect after irradiation of lung carcinoma, is seen as an elicitor of chronic effects such as lung fibrosis,
which can lead to the death of the patient. The study of the effect of new treatment techniques such as
the heavy ion therapy on normal tissue damage in the lung shall compare how normal tissue damage is
elicited in comparison to other radiation qualities. For this purpose, rats were irradiated with carbon
ions under therapy conditions. The measurement of the breathing rate and the histological analysis of
the radiation effects compared to the often used proton irradiation have demonstrated that carbon
ions elicit the same effects as X-rays or protons, but at a lower physical dose. The relative biological
effectiveness is 1.3 for most of the effects, which is in good agreement with studies on other organs.
With the help of the herein established and in part refined automated image segmentation it was
shown that the number of alveolar macrophages is still increased in the chronic phase of pneumonitis.
Interestingly, the increased macrophage numbers are confined to irradiated and thus fibrotic areas, and
similar patterns are found in the early phase of pneumonitis. This finding supports the notion that
macrophages are contributing to the development of fibrosis directly within fibrotic areas. Profibrotic
mechanisms such as epithelial-to-mesenchymal transition or the invasion of fibroblast progenitor cells
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Ionizing radiation (IR) is a type of radiation with sufficiently high kinetic energy to liberate electrons
from a the shell of a target atom, thereby ionizing it. If the target atom is part of a molecule such as
the DNA, bonds can be broken and the molecule may be disintegrated. The absorbed energy ∆Eabs










IR can be classified into sparsely- and densely-ionizing radiation. The former consists of the massless
quanta of electromagnetic radiation (e.g., photons), while the latter comprises charged particles and
neutrons. In the following sections, the physics of both types of IR will be explained. Quantitative
information given below is referring to water as the target material, because it is the most important
target within the scope of radiobiology.
1.1.1 Photons
Photons are the quantized form of electromagnetic radiation. The energy E of a photon is dependent
on its frequency ν and the Planck’s constant h. ν is calculated from the wavelength λ and the speed
of light c, resulting in




In the context of radiotherapy, the term photons commonly refers to X- and γ-rays, which are
electromagnetic radiation with a very low λ (. 1 nm) and thus a high E of the single photons, and
are classified as sparsely ionizing radiation. Photons lose their energy via interaction with the target
material, mostly by scattering or absorption. Depending on the energy of the photon, different physical
processes lead to the energy loss, which are outlined in the following paragraph.
Photoelectric effect The photoelectric effect is the absorption of a photon by an atom, leading to
the emission of a electron, referred to as photoelectron. A photon is ionizing when the energy of the
incident photon is larger than the binding energy of the target electron. For photons with E . 100 keV,
most of the energy is lost through the photoelectric effect.
1
2 GENERAL INTRODUCTION 1.1
Compton effect In the energy range of about 100 keV – 10 MeV, the Compton effect is the
dominant process for photon energy loss in water. A photon with sufficiently high energy is scattered
at a loosely bound electron. During this process, some of the photon’s energy is transferred to the
electron, which is ejected from its shell. Due to the energy loss, the λ of the scattered photon is longer
than before the interaction. The Compton effect is the predominant process of energy loss during
photon radiotherapy with beam energies of a few MeV.
Pair production For energies & 10 MeV, pair production is the dominant interaction of photons
with matter. The incident high energy photon interacts with the target nucleus and is converted into
an electron-positron pair. Pair production can only occur above an energy threshold given by the rest
mass of the resulting electron-positron pair, e.g., 1.02 MeV. The positron is later annihilated in further
interactions with surrounding electrons, leading to the emission of additional photons, which do not
play a role in biological effects.
1.1.2 Particles
Figure 1.1 Simulation of δ-electrons
produced by different energies of protons
and carbon ions. At the same energy,
carbon ions produce more δ-electrons
than protons, leading to a much higher
LET. (Image courtesy M. Kra¨mer, GSI)
Neutrons and charged particles, such as protons, α-particles
(He2+) or heavy ions, are densely-ionizing radiation. Because
neutrons are not relevant within the scope of this thesis, the
physics of neutron interaction will not be discussed herein.
The process of energy loss of a charged particle in the energy
regime of radiotherapy is mostly electronic stopping through
inelastic Coulomb interactions, meaning that a traversing
particle predominantly interacts with the electrons of the
target material through ionization and excitation. During
traversal of matter, the interaction of the incident particle
with the target electrons releases δ-electrons along its trajec-
tory (Figure 1.1). The released δ-electrons have only a low
energy and thus a low mean free path length in the order
of nanometers, leading to a track of very dense ionizations
around the trajectory of the particle. The energy deposited
by δ-electrons along the primary particle’s trajectory, the
linear energy transfer (LET), is defined as the deposited en-
ergy E per path length s and is proportional to the effective













The LET is quantitatively described by the Bethe formula
[1]. Qualitatively described, a traversing particle such as
12C6+ will have a higher mean LET than a lighter particle
such as a proton at the same velocity or specific energy.
The LET changes as a function of the energy of the
particle, reaching a maximum which is for carbon ions at
approximately 0.3 MeV u−1, after which the LET again de-
creases (Figure 1.2). Therefore, during deceleration of a charged particle beam traversing the target,
the energy release from the particles steadily increases, but coming close to energy at maximum LET,
the energy of the particles is momentarily released. This distinct maximum is termed Bragg peak and
is the dominant feature of the depth dose distribution of charged particles, which is in clear contrast
1.1 RADIATION PHYSICS 3
to the exponential energy loss in water of photons (Figure 1.3). The differential depth dose profile of
charged particles compared to photons predestines particles for use in radiotherapy (discussed below).
For charged particles traversing matter, the dose absorbed by the target material can be calculated
from the LET L, the fluence F and the density of the target material ρ
D[Gy] = 1.6× 10−9 × L [keV µm−1]F [cm−2] ρ−1 [cm3 g−1] . (1.4)
Figure 1.2 LET as a function of the specific energy of carbon ions and protons. Each particle species
has its maximum LET at a particle-specific energy. For carbon ions, the maximum LET is around
10× higher than protons. Reprinted from [2].
Figure 1.3 Depth dose distributions of different radiation qualities. Photons (black), carbon ions
at different energies (red) and protons (blue) are shown. Photons lose energy exponentially in water,
whereas charged particles a characterized by a distinct maximum of energy loss, the Bragg peak. The
part in front of the Bragg peak is termed Entrance channel. Carbon ions deposit dose behind the
Bragg peak due to projectile fragmentation, leading to a dose tail.
4 GENERAL INTRODUCTION 1.1
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Figure 1.4 Microscopic dose distribution of X-rays and carbon ions at the same mean dose of 2 Gy,
but with different energies. X-rays deposit dose evenly across the surface. In contrast, carbon ions have
local dose maxima which are by several orders of magnitude higher than the mean dose. With increasing
energy, the LET decreases and the local dose maxima thus also decrease. Due to the relationship of
dose, LET and fluence, more particles are then needed to reach 2 Gy. Reprinted from [3].
In order to understand the action of different radiation qualities, the microscopic and macroscopic
dose distribution of photons and charged particles have to be distinguished. Given the same macroscopic
dose, charged particles and photons deposit dose on the microscopic scale in an entirely different
manner. The massless photons deposit dose evenly across the cell: every part of the cell absorbs the
same dose, without any local maxima (Figure 1.4, top left).
In contrast, charged particles deposit dose along their trajectory when traversing the cell (Figure
1.4). Due to the interrelation of dose, fluence and LET (Equation 1.4), more particles with a low LET
are required to reach the same macroscopic dose as particles with a high LET. Because of this discrete
microscopic dose deposition, the probability of a cell being traversed by a particle has to be considered
when designing an experiment. The number of particles n traversing a cell is dependent on the fluence
F and the cross section of the cell. The probability P of n particles traversing the cell at a given mean
1.2 RADIATION BIOLOGY 5





Therefore, in an experiment with cell cultures, irradiation with a low fluence results in a high probability
of cells not being traversed by a particle, thus receiving no dose. Accordingly, a higher fluence will
increase the probability of cells being traversed by more than one particle, thus receiving the multiple
doses of cells being traversed by just one particle.
1.2 Radiation biology
In this section, a brief overview of the many levels of responses to ionizing radiation is given. The
explanations start from the physiochemical interaction of ionizing radiation and continue to chronic




















Figure 1.5 Photons ionize either wa-
ter molecules, which can diffuse up to
4 nm and damage target molecules (in-
direct action). Or, photons ionize a
target molecule directly (direct action).
Reprinted from [4].
All consequences of radiation exposure, acute or chronic,
are the final result of a physicochemical interaction of ioniz-
ing radiation with cells, specifically with subcellular targets.
The most sensitive target for radiation is the DNA, because
it stores all the genetic information and has a very low redun-
dancy in the cell. DNA damage inflicted by direct interaction
with photons or charged particles is termed direct action (Fig-
ure 1.5). However, water is the most abundant molecule in
cells (80% volume in mammalian cells) and because radiation
inflicts damage stochastically, it is also a more probable tar-
get of ionizing radiation than the DNA. Interaction of water
molecules with ionizing radiation leads to the formation of
highly reactive water radicals in a process termed radiolysis.
The most stable radicals have a half-life in the order of 10−3
s, during which they can stochastically induce damage by
diffusion and interaction with target molecules. This form of
radiation-induced damage to cells is also termed indirect ac-
tion, because the target molecule is not directly damaged by
radiation, but in an intermediate step through water radicals
(Figure 1.5). Photons induce most of the damage through
indirect action, whereas charged particles directly damage
the DNA more often compared to photons, which is related
to their track structure (reviewed in [4]).
Damage to the DNA can manifest as breaks of the sugar
phosphate backbone and as chemical modifications of the
bases. Breakage of a single strand (SSB) and modification
of single bases are usually easy to repair, because no genetic
information is lost and the structure of the DNA is relatively
stable. The most consequential damage occurs when both strands are broken (DSB), which has,
depending on the DNA repair pathway, a high probability for mutations to occur. During the repair
process, incorrect rejoining of DNA strands can lead to chromosomal aberrations and later chromosomal
instability, which is considered as one of the first steps towards cancer development.
Ionizing radiation does not only induce damage to DNA and other cellular components, but also
leads to physiological changes, by which the tissue or even organism can be affected. These changes, of
which some are specific to a certain cell type, include
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— cell killing by necrosis, apoptosis, autophagy or other mechanisms
— increased production of reactive oxygen species, which is dependent on the radiation dose and
quality [5]
— changes in protein expression and surface presentation of membrane proteins (this work, chapter
2; [6, 7])
— changes in the gene expression, leading to drastic morphological and functional changes (EMT,
chapter 3; [8])
On the tissue level, the radiation effect considered as most acute is the depletion of target cell
populations, which leads to functional defects or even failure of the tissue [4]. Classically, radiosensitive
and radioresistant tissues are distinguished. Radiosensitive tissues usually exhibit a high proliferative
activity, for instance the gastrointestinal tract and the bone marrow. In the case of bone marrow
irradiation, first detrimental effects can be observed at doses as low as 0.5 Gy. Accidental whole-body
exposure to high doses of IR leads to gastrointestinal bleeding, nausea and vomiting [4]. In contrast,
radioresistant tissues such as the spinal chord, brain and lung proliferate slowly and are able to
withstand doses in the order of 50 Gy. The tolerance dose of an organ is dependent on other factors
such as the architecture of the tissue and the irradiated volume. For the architecture, the term
functional subunit has been established, which describes discrete structures within an organ that serve
a certain function. The maintenance of organ function depends largely on the survival and repair
capacity of its functional subunits, which is itself dependent on the survival of the clonogenic cells
they comprise [4]. In addition, a model of ‘hierarchical’ and ‘flexible’ (H- and F-type) tissues was
put forward by Michalowski (reviewed in [9]). H-type tissues rely on pools of progenitor cells to
replenish dead cells. If the progenitor population is killed by radiation, the tissue fails. A classical
example is the bone marrow and the hematopoietic system. In contrast, F-type tissues consists of
cells which do not divide under normal circumstances, and do not have a strict hierarchy. If the tissue
is damaged, cells start proliferating and replenish the injured area. The liver and the thyroid are
examples of purely F-type tissues, however most organs are hybrids of both types [4].
Damage to tissue induces an inflammatory response, which is histologically observable as an
infiltration of inflammatory cells into the tissue. Inflammatory cells release cytokines and are thereby
able to stimulate responses of other cell types. The sum of all responses to ionizing radiation can lead
to chronically persisting effects, for example fibrosis or cardiovascular defects. If the absorbed dose is
too high, multi-organ failure and death may occur.
Relative biological effectiveness
Many of the above mentioned responses to ionizing radiation are dependent on the radiation dose, and
most of them also on the radiation quality. To reach a certain effect level, a different physical dose
might be needed for charged particles compared to photons. A quantitative parameter of the influence
of two different radiation qualities is the relative biological effectiveness (RBE). The RBE is defined as








A classic example for the dependence of an effect on the radiation quality resulting in an RBE > 1
is the clonogenic survival. In the survival assay the capacity of cells to form clones as a function
of the dose is determined (Figure 1.6). The RBE is calculated by fixing the effect level, e.g., to a
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Figure 1.6 Example of a calculation of the RBE for clonogenic survival. The doses for X-rays and
carbon ions at 0.01 survival are determined, from which the RBE of ≈ 1.6 is calculated. Modified
from [2].
survival rate of 0.01, and determining the dose at which X-rays and carbon ions induce this effect level.
Any endpoint and corresponding effect level may be used for RBE calculation. For example, the 50%
normal tissue complication probability will be used in chapter 3 to compare the effect carbon ions and
protons on the rat lung.
1.3 Radiotherapy with protons and heavy ions
The ultimate goal of radiotherapy is to inactivate every single tumor cell with a high dose of radiation,
while sparing as much of the normal tissue in the vicinity of the tumor as possible. The unique
physical properties of charged particles led to the development of technologies for their application in
radiotherapy (Figure 1.3). The depth dose profile allows for a deposition of a high dose to the tumor,
while the surrounding healthy tissue is spared. For carbon ions, the position of the Bragg peak falls
together with a maximum of the RBE, which further enhances the cell killing effect compared to
protons or other charged particles [2].
Technically, two approaches for applying charged particle beams exist. The older method uses a
passive beam delivery, which delivers a broad beam of charged particles to the tumor. This method is
less flexbile due to the need of physical range modulators and compensators in the shape of the tumor.
The second approach, as developed by GSI, relies on raster scanning for beam delivery: the tumor
is virtually separated into layers of the same penetration depth and a grid is defined on each layer.
The charged particle beam is magnetically deflected in the horizontal and vertical direction, scanning
a predefined path on the grid. The depth of the Bragg peak is adjusted by regulating the energy
of the beam extracted from the synchrotron accelerator, allowing for a 3-dimensional positioning of
the Bragg peak (Figure 1.7). The tumor is sterilized by a very high dose and LET with very high
conformity, while the normal tissue predominantly absorbs dose in the entrance channel from ions
having a relatively low dose and LET. Only in the security margin, which is outlined by the clinician a
few millimeters around the tumor, normal tissue absorbs high-LET carbon ions of the Bragg peak.










Figure 1.7 Active beam scanning for carbon ions as developed at GSI. The tumor is virtually
separated into layers of the same penetration depth, which is controlled via the energy of the beam
extracted from a synchrotron accelerator. The beam is magnetically deflected to scan over a grid of
points in each layer, the so-called raster scanning. This system is clinically used at the Heidelberg
Ion-Beam Therapy Center for treatment with protons and carbon ions. Reprinted from [10].
Physical differences between carbon ions and protons have been reviewed in [11]. The energy
deposition of charged particles by Coulomb interaction underlies statistical fluctuations, resulting in a
widening of the Bragg peak, which is proportional to the ion mass M by 1/
√
M . Since protons have
a lower mass than heavier ions, the Bragg peak of protons is wider than the Bragg peak of carbon
ions [2]. The lateral scattering, hence the spread of the particle beam, is dependent on the particle
energy and also on the mass of the particle. Therefore, protons, which are lighter and under therapy
conditions have a lower energy than carbon ions, also exhibit more lateral scattering than carbon ions.
Both the range straggling and the lateral scattering are specific advantages of carbon ions compared to
protons enabling more conformal dose distributions. Another important difference between protons and
carbon ions is the projectile fragmentation. Carbon ions undergo nuclear interactions while traversing
the tissue, leading to disintegration of a fraction of the incident primary particles. The resulting lighter
fragments have larger ranges and lead to unwanted dose deposition behind the Bragg peak. This
so-called dose tail is also depicted in Figure 1.3. In contrast, protons do not undergo fragmentation
and stop at the Bragg peak [2, 11].
Due to the lower technical, physical and biological complexity, clinical treatment with protons is far
more common than treatment with carbon ions, and for this reason clinical experience is more widely
available for protons. There are only a few facilities in the world which are able to perform treatment
with both carbon ions and protons, but the availability will increase in the coming years. First studies
at GSI have shown that radiotherapy using carbon ions leads to an increased local control probability
of chondrosarcomas in the skull base compared to protons and photons, with lower toxicity to healthy
tissue [12]. Several studies investigating the benefit of carbon ion therapy for tumors of the thorax
and abdomen are currently performed at HIT. As a result of this ongoing development, the choice
between carbon ions and protons will become more important, as well as the knowledge for which
tumor either carbon ions or protons are indicated. This choice requires knowledge about the tumor
control probability of both particles, as well as the probability for normal tissue damage to occur. In
addition, further developments will allow for an irradiation of moving tumors, such as in the lung [13].
Chapter 2
The molecular basis of leucocyte adhesion
after radiation exposure
Klinger, J., Dettmering, T., Groo, A., Bothe, A.-S., Richter, S., Zink, J., Kraft, D.,
Durante, M. and Fournier, C. Inflammation related cell adhesion of lymphocytes to endothelial
cells is inhibited under shear stress after irradiation. In preparation. [14]
2.1 Introduction
2.1.1 Motivation
For more than a century, pain and reduced quality of life resulting from chronic inflammatory diseases
such as Morbus Bechterew, rheumatoid arthritis and psoriasis are successfully treated using low-dose
radiotherapy (LDRT) [15–19]. Especially radon gas, an emitter of α-particles, is being used to treat
the mentioned conditions in Germany and Austria [15–17]. For idiopathic inflammatory pain of the
joints, integral X-ray doses around 0.5–6 Gy (hence the term ‘low dose’) are locally applied in several
fractions, leading in many cases to a reduction of pain within weeks [20,21]. Despite the long known
analgesic effect of LDRT, the mechanism of action leading to the reduction of pain is still not fully
understood [21]. Evidence has been provided that LDRT-like irradiations of endothelial cells under
pro-inflammatory conditions lead to the reduction of leukocyte adhesion, which represents one of the
first steps of the inflammatory cascade [22, 23]. Cell adhesion molecules are the main mediators of
this adhesion process, being responsible for the capture and shuttling of leukocytes from the blood
stream into the tissue [24]. The observed reduction of leukocyte adhesion must therefore be reflected
in a change of the presentation of adhesion molecules on the cell surface. The present work aims to
characterize the response of the surface expression of adhesion molecules to radiation exposure under
pro-inflammatory conditions in order to substantiate the observations made in parallel for leukocyte
adhesion. Such a characterization is not only important for understanding the mechanism of LDRT,
but could also prove helpful within the scope of tumor therapy, where irradiation of the vasculature
has been recognized as an elicitor of normal tissue damage [25,26], which will be further investigated
in Chapter 3.
2.1.2 Inflammation
Inflammation is the activation of the innate immune system (IS) in response to a cytotoxic stress.
The purpose of inflammation is to counteract infections and other tissue damage, and subsequently
initiate tissue repair. The so-called cardinal features of inflammation are pain, redness, swelling and
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heat. Pain is caused by signaling events between effector cells and specialized neurons involving several
soluble factors such as prostaglandins (reviewed in [27]). The other features result from a response
of the vasculature, leading to dilated blood vessels (swelling), exudation of plasma (swelling) and a
slowed-down blood flow (heat and redness). This facilitates the extravasation of the effector cells into
the tissue. Activation of the IS can originate from physical, chemical or biological stimuli, such as
open wounds, chemical burns and bacterial or viral infections. Physical and chemical stimuli mostly
lead to immediate cell death through necrosis, after which released intracellular components activate
the IS. Biological stimuli can also lead to necrosis, but components of the bacterial cell membranes
(e.g., lipopolysaccharides, LPS) or a viral infection directly activate the innate IS. Immune cells
resident in the tissue such as macrophages sense a stressor and release soluble mediators, cytokines
and chemokines, which activate the surrounding tissue and signal the homing of the effector cells to
the site of inflammation [24,28]. Important pro-inflammatory cytokines include tumor necrosis factor
alpha (TNFα), interferon gamma (IFNγ) and several interleukines, e.g., IL-1β. The effect cytokines
have is specific to the cell type of the target cell, but in general, pro-inflammatory cytokines activate
NF-κB,1 which activates the expression of a mulitude of pro-inflammatory genes leading to the above
mentioned features of inflammation and orchestrate cell specific reactions. Chemokines (‘chemotactic
cytokines’) guide specific effector cells to the site of inflammation via chemotaxis [28].
The effector cells of the acute inflammatory response are the blood leucocytes [28]. The generic
term leucocyte describes a subpopulation of cells including monocytes, macrophages, granulocytes
and lymphocytes, which all develop from progenitor cells in the bone marrow and have the ability to
home to a site of inflammation [28]. Having reached the site of inflammation, monocytes differentiate
into macrophages, which perform several tasks, including phagocytosis of bacteria, dirt and dead cells.
NK lymphocytes can initiate apoptosis of cells infected with bacteria or viruses. After the infection is
cleared, macrophages release factors which downregulate the inflammation and initiate tissue repair
mechanisms. Transforming growth factor beta (TGF-β) is one of the most important anti-inflammatory
cytokines due to its direct role in both mechanisms. Over-regulated tissue repair can lead to a scarring
of tissue—fibrosis—which is a common side effect after exposure to high doses of ionizing radiation [29]
(Chapter 3).
2.1.3 Cell adhesion molecules
As implicated above, leukocytes must exit the blood stream to reach the damaged tissue. Endothelial
cells, which constitute the inner lining of blood vessels, serve as an entrance into the inflamed tissue
upon pro-inflammatory stimulation: cell adhesion molecules (CAMs) are presented on the endothelial
cell surface and function as an anchor to capture free flowing leukocytes and shuttle them into the tissue.
This process is a result of a cascade of complex signaling events in both leukocytes and endothelial
cells. The whole process from capture to extravasation with the involved adhesion molecules is outlined
in Figure 2.1.
Leukocytes freely flowing with the blood stream randomly hit the inner wall of the blood vessel. If
the endothelium presents adhesion molecules, the leukocyte will be captured upon contact with the
endothelial cells. The involved molecules in this process are selectins on the endothelial side and mostly
PSGL-1 on the leukocyte side. Selectin interactions are weak and have high on- and off-rates. Together
with the blood shear stress, this leads to a rolling movement of the leukocyte, which also induces
signaling events in both cells to prepare for the next steps. The rolling movement will slow down and
eventually stop due to interaction with immunoglobulin-like molecules. The most prominent adhesion
molecules of this class are intercellular adhesion molecule 1 (ICAM-1) and vascular adhesion molecule 1
(VCAM-1). The interaction partners on the leukocyte side are integrins, which serve a multitude of
tasks in different tissues (reviewed in [31]). The interaction partners of ICAM-1 and VCAM-1 are the






































Figure 2.1 Representation of endothelial-leukocyte interaction with involved adhesion molecules
for each step. Upon pro-inflammatory stimulus, endothelial cells express adhesion molecules on their
surface, which capture leukocytes floating with the blood stream. Pushed by the hydrodynamic
pressure, the leucocytes roll along the endothelium, which is mediated by selectins. ICAM-1 and
VCAM-1 mediate the arrest of the leukocyte, which subsequently spreads out and migrates into the
tissue through para- or transcellular routes. Reprinted from [30].
integrins LFA1 and VLA4, respectively. Followed by the stopping of the rolling motion, the adhesion is
tightened through clustering of the CAMs and cytoskelettal changes are induced, leading to a spreading
of the leukocyte [32, 33]. As a final step, the leukocyte is shuttled either between endothelial cells
(paracellular) or through a single endothelial cell (transcellular) into the tissue, where it can resolve the
inflammation. A more detailed description of the single CAMs is given in the following paragraphs.
E-selectin
E-selectin, in some references also named CD62E antigen, LECAM-2, ELAM-1 or Sele, is a 107–
115 kDa protein of the selectin family, which mediates the first step of the adhesion cascade, the
capture and rolling of leukocytes along the endothelium. This process is the result of a Ca2+-dependent
bond between E-selectin and its leucocyte counterparts PSGL-1, CD44 and ESL-1 with very fast on
and off rates. The bond of selectins has typical features of a catch bond, which becomes stronger as a
pulling force is applied [34]. The implication of this feature is that E-selectin requires shear stress to
take part in the adhesion process. Together with these properties, the force inflicted by the blood shear
stress leads to a rolling movement, the precise physical processes are reviewed in [34]. Interaction with
E-selectin pre-activates lymphocyte function-associated antigen 1 (LFA-1, also termed CD11a–CD18)
on the side of the leukocytes, which leads to an increased affinity of LFA-1 to ICAM-1 [35] and therefore
prepares the leukocyte for the next adhesion step. A reduction of the number of E-selectin molecules
on the cellular surface would hence result in a reduced probability for leucocyte capture and rolling,
and a reduced probability for LFA-1 activation, and therefore in a reduced inflammatory reaction.
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ICAM-1
Intercellular adhesion molecule 1 (ICAM-1), also termed CD54, is a 85–110 kDa (depending on the
post-translational glycosylation) protein which belongs to the superfamily of immunoglobulins and has
several homologues (ICAM2–5), which are all responsible for inflammation-related cell-cell-adhesion [36].
ICAM-1 has a very broad tissue distribution and was, next to the endothelium, detected on epithelium,
smooth muscle cells, fibroblasts, astrocytes, keratinocytes and several leukocyte subtypes. Its expression
is regulated at the transcription level by the pro-inflammatory NFκB-pathway. ICAM-1 is responsible
for the slow rolling and firm adhesion of leucocytes to the endothelium after being captured by E-selectin
and also takes part in the extravasation process.
VCAM-1
Vascular adhesion molecule 1 (VCAM-1) also belongs to the immunoglobulin superfamily and its
structure, function and expression pattern is similar to ICAM-1. The primary ligand of VCAM-1 is
the VLA-4 integrin (also known as α4β1 or CD49d–CD29). The cell surface expression is also induced
by TNFα, IFNγ, IL1β and other cytokines through the NFκB-pathway, reaching its maximum after
10–24 h [36].
A common feature of ICAM-1 and VCAM-1 is an aggregation around bound leukocytes in a ring-like
shape, possibly to strengthen the adhesion [32, 33, 37, 38]. This process is F-Actin dependent. The
interacting molecule on the side of the leukocyte is the integrin LFA-1. This integrin is activated by
chemokines presented on the endothelial cell surface such as interleukin-8 [36], which increases the
affinity to ICAM-1 and stops the rolling motion.
2.1.4 The analgesic effect of radon spa
Rock which is rich in uranium ore can be found in several geological regions in Germany, such as
in the Ore Mountains (‘Erzgebirge’, Saxony), the Hunsru¨ck (Rhineland-Palatinate) or in the Black
Forest (Baden-Wu¨rttemberg), as well as in the german and austrian Alps. Uranium (238U), which
has a half life T1/2 = 4.468 × 109 years, will decay via radium (226Ra; T1/2 = 1620 years) to the
radioactive noble gas radon (222Rn; T1/2 = 3.825 d), which emanates from the rock and enriches in
the ground air (Figure 2.2). Colocalized with uranium-rich geological formations, increased radiation
levels in the ground air can be measured originating from 222Rn, which emits an α-particle during
decay. Houses built in these regions often present an increased 222Rn concentration in the interior,
which is commonly regarded as a health risk leading to lung cancer [39]. However, in some of these
regions, radon spa emerged as a successful treatment for several chronic inflammatory diseases such as
rheumatoid arthritis and psoriasis, but especially Morbus Bechterew [40, 41]. Morbus Bechterew
is marked by a chronic inflammation and subsequent fusion of the vertebrae, which is extremely painful
and comprises a severe impairment of spine movement [42]. It was demonstrated in randomized studies
that the pain relief is related to the exposure to 222Rn or its decay products and not just to the heat
and physiotherapy [41]. Current knowledge does not sufficiently explain the analgesic effect of radon
spa or low-dose photon therapy. The general influence on many very different inflammatory conditions
advocates a closer investigation of the innate immune system. The primary contact surfaces of radon
gas in the organism are the skin and the lung, and radioactive decay products of 222Rn—218Po, 214Pb,
214Bi and 214Po—might enrich in the body [19].
It was shown that even low doses (0.5 Gy) of charged particles with a similar LET as α-particles are
able to elicit an increased production of reactive oxygen species (ROS) in lung and skin fibroblasts days
after irradiation.2 ROS are known to influence many cellular functions, for instance the activation of












Figure 2.2 Map of the radon activity concentration (kBq m−3) in Germany. High concentrations are
found predominantly in secondary mountains of eastern and southern Germany. A selection of radon
spa facilities is indicated. Reprinted with permission from radon-info.de.
anti-inflammatory cytokines such as transforming growth factor beta (TGF-β) [43]. Immunomodulatory
effects such as NO radical production and cytokine release were observed for low doses (< 0.5 Gy) of
X-rays in macrophages, which are also abundant in the lung [44]. An important discovery was that the
adhesion of leucocytes to endothelial cells was reduced after low dose irradiation [7,22,23], which raises
the question about the involvement of factors such as adhesion molecules in this type of response.
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2.1.5 Aims of this study
In a study conducted in parallel to this thesis, it was found that the adhesion of peripheral blood
lymphocytes (PBL) to certain endothelial cell types was significantly reduced after exposure to X-rays
and carbon ions (Klinger, Dettmering et al., in preparation [14]; [22]). This observation indicates
a direct anti-inflammatory effect of ionizing radiation, because a reduced adhesion of PBL should









Irradiation with low-dose ionizing radiation leads to a reduc-
tion of adhesion molecule surface expression, thereby 
preventing the in!ammatory response from being initiated.
Figure 2.3 Working hypothesis. The anti-inflammatory effect of low dose IR is based on a reduction
of adhesion molecule surface expression on already inflamed endothelium (A), which prevents more
leukocytes from attachment to the blood vessel wall and thereby prevents the inflammatory response
from being initiated or continued (B).
The aim of this study is to substantiate the previously observed effects on the level of the involved
cell adhesion molecules, which are responsible for the initial steps of the inflammatory cascade. For
this purpose, the detection of multiple CAMs by flow cytometry will be established. The main task will
be to investigate whether the expression of different CAMs on the cellular surface of TNFα-stimulated
endothelial cells changes after exposure to X-rays and carbon ions (Figure 2.3). The TNFα stimulation
will be necessary to simulate a pro-inflammatory environment present during chronic inflammatory
diseases. The main cell types to be investigated are primary endothelial cell strains from different
organs, as different organs and hydrodynamic environments could result in a different regulation of
adhesion molecules. The data obtained will provide insight on the relevance of the tested adhesion
molecules in the response to LDRT-like irradiation of primary endothelial cell strains.
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2.2 Materials and Methods
All materials are listed in the appendix A (p. 103ff).
2.2.1 Cultivation of endothelial cells
All primary cell types were obtained from Lonza (Cologne, Germany). Ea.hy.926 cell line was obtained
from the group of Prof. Ro¨del (Frankfurt, Germany), originating from The Royal School of Medicine
(London, UK). The adherent cells were cultivated in 75 cm2 flasks supplied with 15 ml medium at
37 ◦C, 5% CO2 and 95% humidity. An overview of the cell strains together with passages, CPDs and
used media is given in Table 2.1. For experiments, the cells were plated in 3.5 cm petri dishes and
supplied with 2.5 ml medium. All lids of the cell culture flasks allowed for gas exchange with the
incubator atmosphere. The medium was replaced every 2–3 days and the cells were subcultivated at
90% confluence, which was reached approximately once per week. Cells were detached by incubating
with 1 ml/25 cm2 Accutase for 5 minutes at 37 ◦C and stopping the reaction with 1 ml/25 cm2 medium.
3× 105 cells were seeded in 75 cm2 flasks for subculturing.
Table 2.1 Endothelial cell types utilized in this study
Name Origin Passage CPD Medium
Ea.hy.926 Hybridoma of A549 and HUVEC [45] n/a n/a DMEM
HUVEC Human umbilical cord vein 2–7 5–13 Lonza EGM
HMVEC Human adult skin microvasculature 2–7 5–13 Lonza EGM-2 MV
HPAEC Human adult pulmonary aorta 3 6 Lonza EGM
The number of cumulative population doublings (CPD) was calculated using Formula 2.1




where CPDold is the CPD of the last passage, N0 is the seeded cell number, N is the harvested cell
number and AE is the attachment efficiency.
2.2.2 Irradiation procedure
Irradiation with X-rays
Cells were irradiated using an X-ray tube (General Electrics) at an accelerator voltage of 250 kV
and a current intensity of 16 mA. The dose rate was set to 1.5 Gy min−1 by adjusting the distance
between the sample and the exit window of the X-ray tube. Dosimetry was performed with a SN4
dosimeter (PTW Freiburg). During irradiation, the control cells were kept at room temperature to
account for temperature effects on the expression of adhesion molecules. The applied doses were 0.5
and 6 Gy. After irradiation, the cells were stimulated with 1 ng ml−1 TNFα for 24 h and analyzed by
flow cytometry (Figure 2.4A). For fractionated irradiation, the doses were split in 2 or 4 fractions
of equal dose and applied at the indicated intervals (Figure 2.4B and C). In case of a fractionated
irradiation, the medium with supplemented TNFα was only replaced after the first fraction.
Irradiation with low energy carbon ions
Cells were irradiated with low energy (9.8 MeV u−1), high-LET (170 keV µm−1) carbon ions at the
UNILAC facility of GSI. The accelerator produces pulses of accelerated ions which have to be converted
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Figure 2.4 Overview of fractionation schemes for X-ray irradiations. Doses were either not split (0.5
or 6 Gy; A), split in 2 doses (2× 0.25 or 2× 3 Gy; B) or 4 doses (4× 0.125 or 4× 1.5 Gy; C). After
the first irradiation, medium was exchanged and 1 ng ml−1 TNFα was added and left in the medium
during the course of the experiment. Doses were applied every 24 h.
to a fluence to determine the dose. For this purpose, CR39 plates were irradiated with a specific
number of accelerator pulses to determine a calibration factor C, which was used to convert the fluence









NP pulses have to be applied to obtain F . The dose D is dependent on F by Formula 2.3, the
applied doses were 0.5 and 6 Gy, corresponding to a fluence of 1.8× 106 and 7.35× 106 particles cm−2,
respectively.











3 d prior irradiation, 5×104 cells were plated in petri dishes with a diameter of 3.5 cm. Approximately
20 min before irradiation, the dishes were placed edgewise in a magazine holding up to 20 dishes
and filled with approx. 700 ml culture medium. HMVEC cells were immersed in HUVEC medium,
which has a similar composition, but is cheaper. The irradiation procedure itself was carried out
automatically by a vacuum gripper lifting the petri dishes into the beam line. The geometry of the
petri dishes does not allow for a complete drainage of the medium during the irradiation procedure,
resulting in a drop of medium at the bottom of the dish. The low energy beam cannot penetrate this
drop, which results in a part of the cells not receiving dose. Those cells were removed by wiping with
a Q-tip during post-processing to avoid biased results. All experiments were perfomed in parallel with
X-rays with the same parameters (dose, duration, medium exchanges, etc.). After irradiation, the cells
were stimulated with 1 ng ml−1 TNFα for 24 h and analyzed by flow cytometry (Figure 2.4A).
2.2.3 Staining and flow cytometry
Remarks on the quantification of the CAM surface expression
Based on preliminary experiments as well as published data, several decisions were made for investigating
the molecular basis of the pro- and anti-inflammatory effect of ionizing radiation. First, flow cytometry
instead of fluorescence reader-based detection was chosen in favor of a detailed analysis of the
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distribution of the adhesion molecule expression in a cell population. Where a fluorescence reader
only detects one population as whole, a flow cytometer records information on a single-cell basis,
which is potentially important for the investigation. Furthermore, fluorochrome-conjugated primary
antibodies were chosen instead of a secondary detection system. Fluorochrome-conjugated antibodies
directed against CAMs are easier in handling and produce less background than a combination of
primary and secondary antibodies, which is potentially helpful in detecting minor changes of CAM
expression. Multi-color flow cytometry—the measurement of ICAM-1, VCAM-1 and E-selectin on
the same cell—reduces the workload and the amount of samples, which is in particular important for
time-constrained experiments at the accelerator.
Procedure
The endothelial cells were detached for 5 min with 1 ml 1× citric saline at 37 ◦C. In case of incomplete
detachment, a cell scraper was used to remove the cells from the flask. 1 ml PBS was added to dilute
the citric saline. After centrifugation for 8 min at 800 rpm, the cells were resuspended in 100 µl solution
of antibodies, as described in Table 2.2, and were incubated for 30 min at room temperature in the
dark.
Table 2.2 Antibodies used either separately or in combination
Antigen Conjugate λex λem Volume per 100 µl
E-selectin FITC 488 nm 519 nm 5µl
ICAM-1 PE 488 nm 576 nm 10 µl
VCAM-1 APC 635 nm 660 nm 5µl
The measurements were performed on a Partec PAS III flow cytometer equipped with a 488 nm
Argon-Ion-Laser and a 635 nm LED-Laser. The spillovers FITC- and PE-conjugated antibodies were
compensated by measuring the spillover in TNFα treated samples stained with one antibody. The
compensation matrix was calculated by the FlowJo software. After the compensation was calculated,
the detector gain settings remained unchanged for all subsequent experiments and FMO controls3 were
performed randomly to confirm the correct compensation. A compensation for the APC-conjugated
antibody was not necessary because a separate laser was used to excite the dye.
For the purpose of comparing raw data from independent measurements, the histograms were





with ri defined as the absolute number of events in the fluorescence channel i, yi defined as the number
of events in channel i in percent of all events and n defined as the total number of channels.
All measurements were performed with biological replicates (n ≥ 2). The cells were gated for their
population characteristics in the FSC-SSC-plot and the mean fluorescence intensity of the respective
channel was used to calculate all subsequent statistics.
3Fluorescence-minus-one controls (FMO) are used to confirm the correct compensation by removing one antibody
from a multicolor panel. The signal of the corresponding channel should appear negative.
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2.2.4 Statistical analysis
The mean of the fluorescence intensity distribution was returned by the analysis program. The mean
and standard error of the mean (SEM) of all replicates were calculated from this output. If the sample






(xi − x¯)2; SEM = s√
n
, (2.5)
with n defined as the sample size, xi as the ith value and x¯ as the arithmetic mean of all values. Based
on these values, the mean fluorescence intensity y of irradiated cells was normalized to the mean
fluorescence intensity z of unirradiated cells, resulting in the surface presentation of irradiated cells x
in percent of the surface presentation of the control cells. The standard deviation sx was normalized
by applying Formula 2.6 accordingly:
x = 100× y
z











In case of multiple independent experiments being aggregated into a single plot, the mean and the
standard deviation were calculated as follows [46]: let x¯1, . . . , x¯k and s
2
1, . . . , s
2
k be the arithmetic
means and the variances of k experiments, in which n1, . . . , nk measurements of the same variable
4
were performed. The resulting standard deviation s of the aggregated experiments consisting of in











(x¯i − x¯)2, (2.7)
with x¯ defined as the arithmetic mean of all n measurements. The significance between datasets was
tested by applying the Student’s t-test. Null hypothesis (irradiated and unirradiated samples have the
same CAM surface expression) was rejected at p < 0.05.
4Measurement of the same CAM, dose, stimulation mode and time after irradiation.
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2.3 Results
The purpose of the here presented experiments is to characterize the response of CAMs on different
endothelial cell strains to ionizing radiation. The question to be addressed is whether ionizing radiation
leads to a pro-, or an anti-inflammatory effect, marked by an increase or decrease of CAM surface
expression, respectively, which would influence the adhesion of leucocytes to the endothelial cell. First,
the surface expression of adhesion molecules in response to tumor necrosis factor alpha (TNFα) is
addressed qualitatively using fluorescence microscopy. Then, flow cytometry experiments are established
and tested. Finally, the response of different endothelial cell strains to X-ray and carbon ion irradiation
is characterized. ICAM-1, VCAM-1 and E-selectin are chosen as representative CAMs because they
participate in different steps of the adhesion cascade.
2.3.1 Preparative experiments
Fluorescence microscopy
Adhesion molecules are upregulated following a pro-inflammatory stimulus, such as LPS or TNFα.
A first step was therefore to visualize the upregulation of the surface expression of CAMs. HMVEC
were stimulated for 24 h with 1 ng ml−1 TNFα and stained for E-selectin (green), ICAM-1 (red) and
VCAM-1 (blue) (Figure 2.5). Panel A shows only a very dim staining of the cells for all three CAMs,







Figure 2.5 Epifluorescence microscopy image of HMVEC cells unstimulated (A) or stimulated with
1 ng ml−1 TNFα for 24 h (B). Cells were stained with the same antibodies which were used for the
flow cytometry experiments. E-selectin: green; ICAM-1: red; VCAM-1: blue. 20× objective; scale bar
100 µm.
The merged image in Panel B reveals a huge diversity in the CAM expression patterns among
single HMVEC cells. While some cells present only one type of adhesion molecule at a time, there are
also combinations of E-selectin–ICAM-1 (orange), E-selectin–VCAM-1 (light blue), ICAM-1–VCAM-1
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(purple) or all three (white) molecules visible. Cells presenting only VCAM-1 were not observed in this
experiment.
Flow cytometry
A first test using flow cytometry with HMVEC was performed to estimate the range of the fluorescence
intensities before and after stimulation with TNFα. HMVEC were treated the same way as in the
previous fluorescence microscopy experiment (Figure 2.5), stimulated with 1 ng ml−1 TNFα for 24 h
and stained for ICAM-1, VCAM-1 or E-selectin.
Figure 2.6 Representative single-color measurement of HMVEC which were unstimulated () or
stimulated for 24 h with 1 ng ml−1 TNFα (), stained for ICAM-1 (A), VCAM-1 (B) or E-selectin
(C) and measured by flow cytometry. The samples were stained with only one antibody at a time to
circumvent fluorescence spillover at this early experimental stage.
Figure 2.6 shows the fluorescence intensity distribution of ICAM-1, VCAM-1 and E-selectin in
unstimulated and stimulated HMVEC. The unstimulated HMVEC present a low fluorescence intensity,
which increases strongly after stimulation with 1 ng ml−1 TNFα. There are no subpopulations visible in
the distributions, which indicates that all cells are stimulated by TNFα equally. The VCAM-1 antibody
shows a strong background. This result indicates a pronounced increase of the surface expression of
adhesion molecules in endothelial cells after stimulation with a pro-inflammatory cytokine. In the next
step, a TNFα dose response curve was acquired. The purpose of this experiment was to
a. test the flow cytometric detection approach of CAMs as well as the precision and technical
repeatability of the detection.
b. investigate the dose response of the CAM expression as a function of the TNFα concentration.
c. establish the previous point for different endothelial cell strains and discover possible differences.
d. find an ideal TNFα concentration for subsequent experiments in stimulated endothelial cells.
The technical repeatability of the measurements is good. Biological replicates treated with the same
antibody and the same TNFα dose underlie a very low variation, as apparent from the error bars
in Figure 2.7. Even minor changes in the surface expression of ICAM-1 could be detected. The
ICAM-1 surface expression increases with the TNFα dose in a sigmoidal fashion, which indicates
a complex regulatory mechanism (see Discussion for details). HMVEC and HPAEC show a higher
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basal surface expression of ICAM-1 than HUVEC when unstimulated, while reaching a similar level
as HUVEC when stimulated with 10 ng ml−1 TNFα. A concentration of 1 ng ml−1 TNFα is sufficient
to induce a pronounced surface expression of CAMs in endothelial cells, while 10× the concentration
further increases the surface expression of ICAM-1 only slightly. Using more than the physiological
concentration could overmodulate the response and mask possible anti-inflammatory responses to
ionizing radiation. For this reason, a TNFα concentration of 1 ng ml−1 was used for all subsequent
experiments.
Figure 2.7 Mean fluorescence intensity of ICAM-1 as a function of the TNFα concentration for
HUVEC, HMVEC and HPAEC cells, measured 5 h after TNFα incubation. N=1, n=2; biological
replicate. Error bars show SD.
2.3.2 The surface expression of adhesion molecules after exposure to ionizing
radiation
Ea.hy.926 hybrid endothelial cells
Ea.hy.926 hybrid endothelial cells do not express VCAM-1 [47,48]. Therefore, only ICAM-1 and E-
selectin were tested for changes after radiation exposure. TNFα is able to induce E-selectin and ICAM-1
surface expression; the induction of E-selectin is however only minor compared to the unstimulated cells
(Figure 2.8). Exposure to 0.5 Gy X-rays appears to lead to a reduction and exposure to 6 Gy X-rays
leads to an increase of E-selectin surface expression relative to unirradiated, TNFα stimulated cells
(Figure 2.8A). While this result seems to indicate a potential anti-inflammatory effect of a low dose,
this change is not significant and it has to be noted that the overall E-selectin expression on Ea.hy.926
cells is very low compared to primary endothelial cells (Figure 2.8B and Figure 2.6C, respectively).
Irradiation does not significantly increase the surface expression of ICAM-1, but a tendency towards
an increased surface expression is observable.
Ea.hy.926 cells are not primary cells because they do not occur naturally in the organism. In
addition they show a peculiar pattern of CAM expression, which impedes a comparison with the in
vivo situation. Therefore, Ea.hy.926 cells were not tested further; instead, the surface expression of
CAMs on three strains of primary endothelial cells was investigated in subsequent experiments.
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Figure 2.8 Overview of CAM surface expression in Ea.hy.926 cells after X-ray exposure (A). Cell
number as a function of the fluorescence intensity (B) demonstrates low expression of E-selectin
in Ea.hy.926 cells. 1 ng ml−1 TNFα was added to the cells directly after irradiation, CAM surface
expression was measured after 24 h. N=2, n=4; Error bars show SD.
HUVEC
Human umbilical cord vein endothelial cells (HUVEC) were chosen as a primary endothelial cell strain
to investigate whether the observed effects on the CAM expression are due to the hybrid nature of
Ea.hy.926 cells or if a reduction of the surface expression can also be observed in primary endothelial
cells. Because Ea.hy.926 is a hybridoma cell line created through fusion of lung carcinoma cells (A549)
and HUVEC, the reduction of adhesion could be inherited from either cell strain.
In all experiments, all three adhesion molecules could be induced by TNFα. Unstimulated cells
did not show a reaction to irradiation—there was no significant change in CAM expression in these
samples. In TNFα stimulated cells, neither exposure to 0.5 Gy, nor exposure to 6 Gy of X-rays changes
the surface expression of ICAM-1, VCAM-1 or E-selectin significantly after 24 h(Figure 2.9A).
Figure 2.9 Overview of CAM surface expression in HUVEC after X-ray exposure for unfractionated
and fractionated irradiation protocols according to Figure 2.4. 1 ng ml−1 TNFα was added to the cells
directly after irradiation, CAM surface expression was measured 24 h after last irradiation. Results of
irradiation in single fraction (A; N=6, n=12), two fractions (B; N=4, n=10) or four fractions (C; N=2,
n=4). Error bars show SEM (A, B) or SD (C). * p < 0.05 in comparison to unirradiated, stimulated
cells.
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Patients undergoing radon therapy are usually not receiving the whole dose in one treatment
session, but in a fractionated scheme over several days. For this reason, it was investigated whether
fractionated irradiation has a differential, possibly anti-inflammatory effect on the CAM expression.
The doses of 0.5 Gy and 6 Gy were split into 2 (Figure 2.9B) or 4 (Figure 2.9C) fractions and were
administered every 24 h according to the scheme in Figure 2.4. Measurements were performed 24 h after
the last irradiation. Irradiation in one fraction did not induce a significant change of CAM expression.
After irradiation in 2 fractions, the surface expression is for all adhesion molecules comparable to the
non-fractionated irradiation scheme. After irradiation in 4 fractions, a strong increase of the E-selectin
expression is observable for 4 × 0.125 Gy and 4 × 1.5 Gy. However, only ICAM-1 was significantly
upregulated after exposure to 4× 1.5 Gy (p < 0.5).
HPAEC
Human pulmonary aorta endothelial cells (HPAEC) were tested as a second endothelial cell strain. It
was chosen because it did not originate from fetal tissue such as HUVEC, which might react differently
to ionizing radiation and/or TNFα stimulation. The hydrodynamic environment of the pulmonary
aorta might also influence the CAM surface expression.
All CAMs were induced by TNFα in HPAEC (Figure 2.10). After radiation exposure, there were
no significant changes in the CAM surface expression after 24 h. Because no change in the leukocytes
adhesion was found in parallel functional experiments [22], no further experiments were performed
using this cell strain.
Figure 2.10 Overview of CAM surface expression in HPAEC after X-ray exposure. 1 ng ml−1 TNFα
was added to the cells directly after irradiation, CAM surface expression was measured after 24 h.
N=1, n=2; Error bars show SD.
HMVEC
Human microvascular endothelial cells (HMVEC) are a primary endothelial cell strain originating
from the skin microvasculature, a second primary target for radon exposure next to the lung. The
microvasculature has a different hydrodynamic environment than the pulmonary aorta or the umbilical
vein, hence the reaction to stress could differ from the other cell strains. In parallel functional
experiments, this cell strain showed a reduction of PBL adhesion after radiation exposure [14]. The
cells were irradiated with the same protocol as HUVEC and HPAEC and the CAM surface expression
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was measured 24 h after the last fraction (Figure 2.11). Additionally, the fractionated irradiation
scheme according to Figure 2.4 was applied. Irradiation in 1 fraction of X-rays did not induce a
significant change in the CAM surface expression. Irradiation in 2 daily fractions led to an increase for
a dose of 2× 3 Gy, which reached significance only for ICAM-1. CAMs appeared upregulated also for
a dose of 4× 1.5 Gy, but this effect was again not significant.
Figure 2.11 Overview of CAM surface expression in HMVEC after X-ray exposure for unfractionated
and fractionated irradiation protocols according to Figure 2.4. 1 ng ml−1 TNFα was added to the cells
directly after irradiation, CAM surface expression was measured 24 h after last irradiation. Results of
irradiation in single fraction (A; N=11, n=27), two fractions (B; N=4, n=10) or four fractions (C; N=2,
n=4). Error bars show SEM (A, B) or SD (C). * p < 0.05 in comparison to unirradiated, stimulated
cells.
Carbon ion irradiation Carbon ions are widely used in radiotherapy and are therefore of interest
for this study because on the one hand, ionizing radiation can lead to vascular damage, in which
the endothelial cells are detached from the vessel wall as one of the initial damages [25]. On the
other hand, carbon ions have similar features as the α-particles originating from Radon decay, and
can be used to simulate low-dose irradiation with charged particles. For these reasons, HMVEC
cells were irradiated with high LET carbon ions (170 keV µm−1, 9.8 MeV u−1). Three independent
experiments were performed, which show different tendencies of the CAM expression. The results of
these experiments are aggregated in Figure 2.12. The first experiment clearly indicated a reduction
of ICAM-1 and VCAM-1, but not E-selectin, to 75% of the unstimulated, unirradiated cells in all
irradiated samples. The second experiment indicated a contrary tendency: The surface expression
of all CAMs increased after irradiation compared to the unstimulated, unirradiated cells. A third
experiment revealed no change at all in the surface expression. Taken together, the results for carbon
ion irradiation show a large variation and no significant radiation-induced effect.
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Figure 2.12 Overview of CAM surface expression in HMVEC after carbon ion exposure (170 keV µm−1,
9.8 MeV u−1). 1 ng ml−1 TNFα was added to the cells directly after irradiation, CAM surface expression




Low doses of ionizing radiation are widely used to treat idiopathic inflammatory pain from rheumatic
diseases. X-rays and, in the case of Radon balneology, alpha-particles originating from 222Rn decay
are used for irradiation. To date, it remains unclear whether the subsequent relief of pain is of
anti-inflammatory, or, for instance, of anti-neuralgic nature. Recent studies suggest a direct modulation
of the initial inflammatory response by low dose ionizing radiation, such as the adhesion of leucocytes
to the endothelial wall [22, 23,49,50].
On the other hand, irradiation of the vasculature was shown in vivo and in vitro to lead to a
retraction of endothelial cells within hours after irradiation, which is correlated with early pulmonary
edema [51]. At higher doses (> 6 Gy), this initial influence of radiation on the endothelium later leads
to a loss of endothelial cells, which ultimately translates into pulmonary hypertension [25, 26] and
could also be related to the acute radiation pneumonitis peaking 1–2 months after irradiation.
Adhesion of inflammatory cells is mediated through interaction of specialized membrane proteins—
cell adhesion molecules (CAMs)—on the leukocyte and the endothelial cell on the inner blood vessel
wall. Changes in the surface expression of certain adhesion molecules directly influence the adherence
of leukocytes (reviewed in [24]). The aim of this study was therefore to investigate the response of the
surface expression of adhesion molecules to low and high doses of ionizing radiation under regular or
pro-inflammatory conditions as they can be found in individuals with chronic inflammatory pain. The
question to be answered is whether reduction in the adhesion of leucocytes to endothelial cells observed
in a parallel study5 is reflected in changes of the CAM surface expression, or whether the CAM surface
expression is enhanced upon irradiation, as it could be the case early after lung irradiation.
2.4.1 How do different endothelial cell strains respond to changing TNFα
concentrations?
Table 2.3 Surface expression of CAM in the used cell strains
after TNFα treatment
Cell type E-selectin ICAM-1 VCAM-1 PECAM-1
Ea.hy.926 ↗a ↑ × →
HUVEC ↑ ↑ ↑ →
HPAEC ↑ ↑ ↑ →
HMVEC ↑ ↑ ↑ →
× not expressed; → no change, ↗ slight upregulation (≤ 50%
increase), ↑ strong upregulation (> 50% increase) compared to
unstimulated cells
a Expression on very low level compared to primary cells
Several pro-inflammatory cytokines can be applied to induce an upregulation of CAMs. These cytokines
include tumor necrosis factor alpha (TNFα), interferon gamma (IFNγ) and several pro-inflammatory
interleukines [24]. Bacterial pyrogens such as lipopolysaccharides are also able to induce CAM surface
expression [24]. It was demonstrated that the up- and downregulation of CAMs differs by the applied
cytokine [52]. TNFα was chosen for these studies because it is the most commonly used inducer
of CAM upregulation and is native to the organism, which is not the case for bacterial pyrogens.
Response of the surface expression of different CAMs in the used cell strains to TNFα are outlined in
Table 2.3. Primary endothelial cell strains (HUVEC, HPAEC and HMVEC) upregulated the surface
5Klinger, Dettmering et al., in preparation [14]
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expression of E-selectin, ICAM-1 and VCAM-1 within 24 h after stimulation with TNFα. PECAM-1
expression remained unchanged. This response is in accordance with published data [24,36]. Ea.hy.926
cells, which is a hybridoma line of A549 and HUVEC, respond in a different manner, as they express
E-selectin only to a very low level, and no VCAM-1. This raises the question whether Ea.hy.926 cells
are an adequate model for studies on leukocyte adhesion, which is discussed below.
Immunofluorescence microscopy revealed a striking diversity in the CAM surface expression within
a population of the same cell strain. Each cell presents a unique combination of E-selectin, ICAM-1
and VCAM-1 molecules on its surface (Figure 2.5, p. 19). Although interesting, the implication of this
finding on the leukocyte adhesion is unclear. A change in the surface expression of CAMs has been
attributed to shear stress (or the lack thereof) [53, 54], the observed effect might therefore be a result
of the cultivation.
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Figure 2.13 Theoretical comparison of hyperbolic and sigmoidal dose response curves with three
different coefficients of cooperativity (n = 1, n = 2 and n = 4). The relative CAM surface expression e
is plotted as a function of the TNFα concentration x; the variable k was set to 1 for this example. In a
sigmoidal response (n > 1), the CAM surface expression reaches its maximum after a relatively small
change in TNFα concentration compared to a hyperbolic response (n ≤ 1), where the CAM surface
expression would not have reached its maximum even at a concentration of 5 ng ml−1 TNFα.
Assessment of the response of CAMs requires a characterization of the detection system, which
includes determining the range and the precision of the detection. Therefore, a TNFα dose response
curve was acquired for the used primary cell strains, which was exemplarily only done for ICAM-
1 (Figure 2.7, p. 21). The sigmoidal dose response curves imply a complex underlying regulatory
mechanism of the CAM surface expression. The principles used for discussion can be take from enzyme
kinetics, where similar rules apply6 [55]. Regulation leading to a sigmoidal dose response can be
considered as more complex than a hyperbolic response, because it involves a secondary factor to the
cytokine concentration, e.g., gene regulatory mechanisms, binding kinetics of the receptor, or others.
The coefficient n describes how strong the influence of this secondary factor is, which also termed
‘level of cooperativity’. An n ≤ 1 results in a hyperbolic response, meaning that only the TNFα
concentration influences the ICAM-1 expression and the regulation is non-cooperative. If the regulation
6Hyperbolic and sigmoidal dose responses can be explained by Michaelis-Menten and Hill kinetics, respectively.
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is cooperative and hence a secondary factor is influencing the ICAM-1 expression, n would be > 1 and
the dose response curve thus of sigmoidal shape. This principle is explained in Figure 2.13.
Table 2.4 Fit of the logistic model from Figure 2.13 to TNFα dose response
curves shown in Fig. 2.7 with 95% confidence intervals (CI)
Value HUVEC ±95% CI HMVEC ±95% CI HPAEC ±95% CI
n 3.50 3.27–3.73 2.50 −1.50–6.50 1.63 0.80–2.46
R2 0.997 0.960 0.998
Physiologically, a hyperbolic dose response curve requires a larger change in the cytokine concen-
tration to reach the maximum expression level, whereas a sigmoidal dose response curve requires only
a small change in the cytokine concentration for the same effect. A fit of a sigmoidal model to the
experimental data from Figure 2.7 indicates differences between the tested endothelial cell strains in
the dose-response of ICAM-1 surface expression to the TNFα concentration (Table 2.4). The calculated
coefficient n for the response of HUVEC is 3.50 within small confidence intervals (95% CI), which
indicate a different ICAM-1 regulation from HPAEC cells, where a coefficient of 1.63 was calculated,
albeit with larger 95% CI. The fit to the HMVEC data did not yield a sufficiently low 95% CI to draw
a conclusion. An explanation for the difference between HUVEC and HPAEC would be the different
in vivo environments (umbilical vein and pulmonary aorta, respectively), in which the endothelia
may need to react differently to a pro-inflammatory stimulus. However, it has to be noted that the
experiment underlying these calculations has only been performed once, yet with a small standard
deviation of the duplicate measurements. This experiment has to be repeated to further substantiate
this interpretation.
2.4.2 Is the CAM surface expression altered by ionizing radiation?
Adhesion molecules have been found to be upregulated after radiation exposure in different cell systems.
Behrends et al. found that ICAM-1 is upregulated in HeLa cells after X-ray exposure and proposed
a role in radiation-induced side effects [56]. Hallahan et al. and Gaugler et al. confirmed this
observation for HUVEC, but for high doses (5–10 Gy) in unstimulated cells, which does not reflect
the status during chronic inflammation and is, as found in this work, rather low [6, 57]. Kiyohara et
al. [58] performed carbon ion experiments in unstimulated HUVEC and found a stronger increase of
ICAM-1 surface expression compared to X-rays after carbon ion irradiation at doses of 0.1–5 Gy. For
E-selectin, Nuebel et al. [59] found a dose-dependent upregulation in unstimulated Ea.hy.926 and
HUVEC cells 5 h after exposure to 0.5–10 Gy X-rays. Heckmann et al. found an upregulation of
ICAM-1, VCAM-1 and E-selectin, but not PECAM-1 in unstimulated HDMEC7 after irradiation with
5 Gy [60].
To summarize, the bare pro-inflammatory effect of ionizing radiation on the level of adhesion
molecules is well-investigated for ICAM-1 in unstimulated endothelial cells, especially for HUVEC.
The downregulation of an already persisting inflammation by (low-dose) ionizing radiation has been
demonstrated on the level of E-selectin in a murine endothelioma cell line [23,61]. Primary endothelial
cell types, different adhesion molecules and different radiation qualities have not been compared and
tested for anti-inflammatory effects in a single study as of yet.
7Human neonatal dermal foreskin microvascular endothelial cells
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Ea.hy.926 is not a fully suitable model for radiation-induced changes of the adhesion
process
The Ea.hy.926 hybrid endothelial cell line, which is a hybridoma line of HUVEC and the lung
adenocarcinoma cell line A549, has often served as a model for endothelial cell biology and its feasibility
as a model has been investigated and compared by different groups [47,48,62]. During these comparisons,
stimulated Ea.hy.926 cells were found to lack expression of VCAM-1, and express E-selectin only at very
low levels (compared to stimulated primary cells), which was confirmed during the establishment of
the immunofluorescent stainings in this thesis. A reduced expression of E-selectin, being the mediator
for the initial adhesion process, would reduce the probability for a successful capture of leukocytes.
In unstimulated cells, no change in the expression of adhesion moleculs 24 h post irradiation was
detected. The E-selectin surface expression can be induced by TNFα stimulation, but only to a
low extent, as can be observed by comparing the relative fluorescence intensities of unstimulated
and stimulated primary cells with those of Ea.hy.926 (Figure 2.8B, p. 22). Ea.hy.926 cells show a
TNFα-induced increase of E-selectin by only 25%, while in HUVEC or HMVEC, the E-selectin surface
expression increases by 75% after stimulation. The normalization to the fluorescence intensity of
unirradiated, stimulated cells to 100% relativizes the low absolute fluorescence intensities of Ea.hy.926.
Irradiation with 0.5 Gy of X-rays in TNFα stimulated Ea.hy.926 cells is able to reduce the surface
expression of E-selectin back to the level of unstimulated cells, while irradiation with 6 Gy of X-rays
increases the surface expression by a factor of 1.25 compared to stimulated, unirradiated cells (Figure
2.8, p. 22). However, both effects did not reach significance. Apart from the generally very low
abundance of E-selectin on the cell membrane, this result is in accordance with the reduction of PBL
adhesion found by Ro¨del et al. and Klinger et al. after irradiation with 0.5 Gy, but not 6 Gy of
X-rays [14,23]. In primary endothelial cells, TNFα induced ICAM-1 surface expression is, but radiation
exposure does not lead to a significant increase in stimulated cells.
van Buul et al. found that ICAM-1 recruits VCAM-1 and both molecules form a complex [63].
Since both ICAM-1 and VCAM-1 are known to cooperatively take part in leukocyte firm adhesion,
it can be assumed that the lack of either of these molecules—which is the case for VCAM-1 in
Ea.hy.926 cells—reduces firm adhesion strength. This could in turn increase the relative participation
of E-selectin in the adhesion process and increase the relevance of low-level changes in the E-selectin
expression on leukocyte adhesion, as observed herein. Because E-selectin bonds have features of a
‘catch bond’, meaning that the bond strengthens in response to a pulling force, leucocyte adhesion
should be further reduced under laminar flow conditions after irradiation. To conclude, although
E-selectin expression is reduced after low-dose ionizing radiation, the suitability of Ea.hy.926 cells as a
model for radiation-induced changes in the adhesion process is limited due to very different expression
patterns of CAMs compared to normal endothelial cells.
Primary endothelial cell strains do not show significant changes in the CAM surface
expression 24 h after radiation exposure
HUVEC were used in this study as a first primary endothelial cell strain to investigate whether primary
cells also show the reduction of PBL adhesion and E-selectin surface expression seen in Ea.hy.926
cells. However, since these cells originate from fetal tissue, the effects are not entirely comparable to
medical conditions arising in the adulthood. For this reason, adult HPAEC were used to investigate
cells originating from the pulmonary aorta, which, in addition to the adult origin, has as a very large
vessel and thus a different hydrodynamic environment from the umbilical vein. HMVEC, originating
from the skin microvasculature, was investigated as a third primary cell strain. As in Ea.hy.926 cells,
unstimulated HUVEC, HPAEC and HMVEC did not show an increased surface expression of any
CAM 24 h after irradiation, which argues against early pro-inflammatory effects initiated by damage
to EC (Figures 2.9, 2.10 and 2.11, pp. 22ff.). It was shown by Hallahan et al. and Gaugler
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et al. that for very high doses > 10 Gy the surface expression of ICAM-1 increases several days
after irradiation [6, 57]. However, compared to the effects observed after TNFα stimulation, these
effects are negligible and will probably not influence PBL adhesion. All primary strains respond to
TNFα stimulation with an upregulation of all CAMs. Ionizing radiation slightly raises the surface
expression of all CAMs upon fractionated irradiation, but only ICAM-1 was significantly upregulated.
No potentially anti-inflammatory effects were found, which is in accordance with parallel experiments
investigating PBL adhesion [14,22].
HMVEC were the only primary endothelial cell strain in which a reduced PBL adhesion was found
24 h after exposure to 0.5 Gy X-rays [14], indicating a potential anti-inflammatory effect of low-dose
ionizing radiation. The results from this study, however, do not indicate a reduction of any of the
investigated CAMs. Because the functional experiments on leukocyte adhesion revealed only HMVEC
as a candidate for an anti-inflammatory effect, 12 independent experiments were performed with this
cell strain. Figure 2.14 depicts the single results for ICAM-1 surface expression after exposure to a dose
of 0.5 Gy X-rays or carbon ions. Data are normalized to the fluorescence intensity of unstimulated,
unirradiated HMVEC (100%). The expression after irradition with 0.5 Gy of X-rays or carbon ions
varies between the single experiments, without an observable tendency towards a modified expression of
ICAM-1. As mentioned before, this observation is not in accordance with the functional measurements
of PBL adhesion, where a clear reduction of PBL adhesion was seen in all experiments.
Figure 2.14 Variability of ICAM-1 surface expression of stimulated HMVEC irradiated with 0.5 Gy.
ICAM-1 fluorescence intensity in percent of stimulated, unirradiated cells for each X-ray experiment
is shown in black. Corresponding carbon ion experiments are shown in red. n ≥ 2, Error bars show
SD, or SEM for n > 2. Solid line indicates mean, dashed lines indicate the standard deviation of all
experiments.
For HUVEC and HMVEC, irradiation in two or four fractions of X-rays resulted in a significantly
increased surface expression of ICAM-1 compared to irradiation in a single fraction, but preparative
experiments demonstrated that this is rather explained by the prolonged incubation time after
irradiation than by fractionated irradiation.
The reduction of PBL adhesion in a functional assay without a concomitant decrease in the CAM
surface expression raises the question whether there are other radiation-induced mechanisms reducing
the PBL adhesion. Kern et al. found similar results with IL-1β stimulated endothelioma cells—a
clear reduction of PBL adhesion, but no significant decrease in the expression of E-selectin, ICAM-1
and VCAM-1 after radiation exposure. Our results confirm this observation for primary human cells.
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There are three plausible explanations for this discrepancy:
a. The tested CAMs, which are regarded as the most relevant mediators of the adhesion process [24,36],
are not the only mediators of the reduced PBL adhesion after irradiation.
b. Soluble factors released from the EC after irradiation activate the adhesion molecules on the PBL,
which enhances binding.
c. Processes downstream of the CAM surface expression are influenced by ionizing radiation and
mediate the observed diminished PBL adhesion.
The first explanation would require an extensive screening of the expression of CAMs on EC. With
the availability of multicolor flow cytometry, such experiments are possible and could be performed in
the near future. Processes downstream of the surface expression could include the activation of CAM
by conformational changes within the protein, as it was shown for integrins [24], but so far not for
immunoglobulin-like molecules as ICAM-1 and VCAM-1.
As mentioned earlier, VCAM-1 was found to be recruited by ICAM-1, and both molecules are
colocalizing, which is dependent of F-actin reorganization [32, 63]. F-actin reorganizes within 24 h
after low dose irradiation [51,64]. If the recruitment of VCAM-1 and its colocalization with ICAM-1 is
impeded, PBL adhesion could be reduced without a detectable change in the amount of ICAM-1 and
VCAM-1 on the cellular surface. However, the F-actin reorganzation correlated with the dose, meaning
that doses > 0.5 Gy also lead to a pronounced F-actin reorganization. Because the PBL adhesion in
Klinger et al. was only reduced after 0.5 Gy, but not at higher doses, F-actin reorganization and a
concomitant perturbation of CAM clustering does not explain the reduced PBL adhesion.
2.5 Summary
From the experiments conducted in the present chapter, the following findings are derived:
a. The response of endothelial cells (EC) to TNFα is dependent on the tissue of origin. EC originating
from the pulmonary aorta demonstrate a different response to changing TNFα concentrations than
EC originating from the umbilical vein.
b. Ea.hy.926 hybrid EC are not fully suitable as a model for radiation-induced changes in the adhesion
process. The very low E-selectin expression and the absence of VCAM-1 expression result in an
unnatural environment for leukocyte adhesion. Therefore, Ea.hy.926 cells should not be used as a
model system in future experiments.
c. In TNFα stimulated primary endothelial cell strains, the surface expression of E-selectin, ICAM-1
and VCAM-1 was not significantly changed 24 h after X-ray or carbon ion exposure. Therefore,
the results do not reflect the anti-inflammatory effect of low doses observed in parallel experiments
testing leucocyte adhesion.
d. Prolonged incubation leads to a significant increase of ICAM-1 in TNFα stimulated HUVEC and
HMVEC cells irradiated with a higher dose. This response can be regarded as pro-inflammatory.
Chapter 3
Late effects of carbon ion and proton
irradiation in the rat lung
3.1 Introduction
3.1.1 Motivation
In Germany, the bronchial carcinoma is the cancer type having the highest mortality rate among
men, and the second highest among women (Figure 3.1). The most important risk factor is smoking,
but also occupational exposure to asbestos, man-made mineral fibers, crystalline silica, diesel engine
exhaust and polycyclic aromatic hydrocarbons [65]. Histologically, the non-small-cell lung carcinoma
(NSCLC) and the small-cell lung carcinoma (SCLC) can be distinguished [66]. NSCLC comprises
30–40% of all bronchial carcinoma cases, with the adenocarcinoma being the subtype with the highest
incidence [67]. 20–25% of all bronchial carcinomas are SCLC, and this cancer type is closely associated
with smoking [66].
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Figure 3.1 Mortality rate of different cancer types in Germany (2006 data). Data are separated
between male (blue) and female (red). Lung cancer has the highest mortality rate among men and
the second highest among women. (Source: Official cause-of-death statistics, Statistisches Bundesamt,
Wiesbaden)
Radiotherapy for NSCLC is indicated for patients with progressed stages of the disease (stage III
and above), as well as patients whose condition is too poor for surgery. Stereotactic radiotherapy with
photons, mostly intensity modulated radiotherapy (IMRT), is widely used for treating lung carcinomas,
especially NSCLC. Unfortunately, the 5-year survival probability for patients with NSCLC remains
well under 50%, which is due to the high occurrence of distant metastases [66].
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A common side effect of radiotherapy of the lung is radiation-induced pneumonitis, which occurs
when the dose absorbed by the normal lung tissue increases above a certain threshold. Pneumonitis,
which can progress into fibrosis, represents a potentially lethal side effect. Due to the inverted depth
dose distribution, charged particles are able to deliver high doses to the tumor while delivering a
lower integral dose to the normal tissue than photons. Although meta studies suggest no advantage of
particle therapy over IMRT in the 5-year survival probability [68], a better sparing of normal lung
tissue due to a reduced dose deposition in the normal tissue advocates the use of charged particles,
because a lower integral dose to the normal tissue leads to a reduced probability of developing the
aforementioned side effects.



















Figure 3.2 Probabilities for tumor control (TCP), normal tissue complication (NTCP) and complica-
tion free cure (p+) as a function of the dose to the tumor in a hypothetical scenario. Because the p+ is
< 1, there is a trade-off between saving the normal tissue and controlling the tumor in conventional
radiotherapy (black). New treatment modalities (red) seek to increase the TCP and decrease the
NTCP at a given dose, resulting in a higher maximum p+.
In radiotherapy, it is of interest to achieve 100% tumor control, but the sensitivity of the normal tissue
surrounding the tumor is a dose-limiting factor. Therefore, selection of the appropriate quality of
charged particles for lung irradiation—carbon ions or protons—requires weighting the tumor control
probability (TCP) with the normal tissue complication probability (NTCP) (Figure 3.2). Because of
the aforementioned dose-limiting factor of the normal tissue, the probability of a complication free
cure1 p+ is in most cases < 1, resulting in a trade-off between killing the tumor and sparing the normal
tissue. Carbon ions have, compared to protons, for many tumors an enhanced effectivity for cell killing
in the Bragg peak, but the same effectivity in the entrance channel. For this reason, carbon ions have
the potential of killing the tumor at a lower dose than protons, while sparing the normal tissue as well
as protons (or better), thereby increasing p+ compared to proton irradiation.
The NTCP of the lung is unknown for carbon ion irradiation. The question to be answered in this
thesis is how carbon ions compare to protons in the induction of normal tissue injury to the lung,
and is motivated by the lack of comparable data of such injury for carbon ions and protons. This
problem is approached by investigating radiation-induced functional and histological defects in the
1The probability of a complication free cure at a given dose D is p+(D) = NTCP(D)− TCP(D).
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same rodent model after exposure to the same physical doses of carbon ions and protons, hence being
able to provide a direct comparison of the normal tissue damage induced by both radiation qualities.
These data provide a basis for the selection of the appropriate particle for lung cancer treatment.
3.1.2 The morphology and histology of the rat lung
trachea
superior lobe of right lung
middle lobe of right lung
inferior lobe of right lungleft lung
post-caval lobe of right lung
Figure 3.3 Dorsal view of the rat lung. The rat lung consists of five lobes which wrap around the
heart. Inset: ventral view, with the heart colored orange, the left and right lobes colored dark and
light blue, respectively. Reprinted from [69], modified.
The lung of the rat (Rattus norvegicus) is separated into five lobes, one on the left side and four on the
right side (seen from dorsal view; Figure 3.3) [69]. The lung is a branched organ: the trachea divides
into two branches, which then further divide to supply each lobe separately with air. The ramifications
continue into terminal bronchioles, which eventually end in alveolar ducts and terminate in alveolar
sacs. The alveolar sac comprises several alveoli, in which the gas exchange is mediated. The human
lung has a similar morphology, but terminal bronchioles branch into respiratory bronchioles before
ending in alveolar ducts [70] (Figure 3.4).
The pulmonary artery, which delivers deoxygenated blood from the heart to the lungs, runs with
the bronchi and demonstrates the same branching pattern [71]. Arterioles accompany the bronchioles
to the alveolar ducts, where they branch into capillaries that mediate the gas exchange with the alveoli.
In the other direction, venules are carrying the oxygenated blood back into the pulmonary vein to the
heart. Bronchioles are histologically distinguished from venules by their thicker walls, which is due to
the higher pressure of the blood coming from the heart.
Lung tissue comprises more than 40 cell types, of which many can only be distinguished ultra-
structurally [70]. The bronchi are lined by ciliated epithelial cells, which are surrounded by a layer of
smooth muscle cells; both layers are separated by a basement-membrane [71]. Elastic fibers, mostly
consisting of elastin and collagen, are found in the walls of the bronchi. In larger sized bronchi, plates
of cartilage are embedded, which stabilize the structure.
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Alveoli are lined by alveolar type I epithelial cells (AT1) and alveolar type II epithelial cells (AT2).
AT1 cells constitute the majority of the cells found in the alveoli and mediate the gas exchange with
the blood. AT2 cells, which are fewer in number than AT1 cells and usually reside in the corners of
the alveoli, produce a phospholipid layer, the surfactant, which is required for the gas exchange and





















Figure 3.4 Branching of the bronchioles in
humans and rats. Modified from [70]
Blood vessels comprise three parts. The inner part,
the Tunica intima, is a single layer of endothelial cells
outlining the lumen of the blood vessel, which resides
on the internal elastic lamina. External to this lamina
follows the Tunica media, which is a contractile layer of
circularly arranged smooth muscle cells that controls
the caliber of the vessel [72]. Separated by the external
elastic lamina, the Tunica adventitia follows, which
consists of connective tissue and is in parts innervated.
Alveolar macrophages, which are derived from
blood monocytes, are responsible for phagocyting dust
particles and bacteria. Alveolar macrophages reside
either attached to the alveolar wall or free in the
alveolar cavity. By immunostaining, they can also
be observed in the interstitium or the blood vessels.
The macrophage number increases upon inflammation,
which is likely the result of proliferation of resident
macrophages and infiltration by blood monocytes [72].
3.1 INTRODUCTION 37



























“acute phase” “chronic phase”
different forms of vascular damage fibrosis



















































































































































Figure 3.5 Approximated time line compiling the different phases of radiation-induced lung injury.
Three general phases are distinguished—vascular damage in different manifestations (green), radiation
pneumonitis (classically termed acute phase; blue) and fibrosis (classically termed chronic phase;
orange). Indicated are the occurrences of specific radiation effects as described in literature (see text
for references). (BR, breathing rate; EC, endothelial cells; ECM, extracellular matrix; FB, fibroblasts;
MP, macrophages; PA, pulmonary artery; ROS, reactive oxygen species)
Radiation-induced lung injury includes a whole range of structural changes during a very broad time
frame, which typically ranges from an hour to a year after irradiation (Figure 3.5). Over the last few
decades, the micro- and macrostructural changes have been extensively studied and reviewed [73–77].
The precise sequence and duration of each change is dependent on the species and the strain of the
animal model [78,79]. This section discusses the most important changes in chronological order and
neglects differences specific to the species or strain of the model organism.
The first changes occur one hour after radiation exposure and are manifested ultrastructurally as a
depletion of the lamellated bodies—the organelles storing the surfactant—as well as mitochondrial
enlargement and pleomorphism in AT2 cells [80]. Although the number of lamellated bodies is restored
within a week, a continuous progression of AT2 cell degeneration was observed ultrastructurally [80].
Biochemically, a change in the surfactant composition and an overall increase in surfactant production
was noted [81–83]. While most apparent in AT2 cells, early ultrastructural changes have been observed
in other cells such as alveolar macrophages (reviewed in [75]).
Alterations of the intercellular communication are regarded as an important factor in the devel-
opment of radiation-induced lung injury. Increased gene expression and release of cytokines was
observed as early as one day after irradiation and persists during the chronic phase of pulmonary
radiation injury [84–86]. Especially the alveolar macrophage releases a multitude of pleiotropic cy-
tokines and growth factors [87]. Of these cytokines, platelet-derived growth factor (PDGF) and
transforming growth factor-beta1 (TGF-β1) are considered to be important, because they stimulate
proliferation of fibroblasts and smooth muscle cells, and lead to an upregulation of extracellular matrix
production [87–89].
Radiation exposure leads to a rapid decrement in alveolar macrophage numbers (60% decrease
within 3 days; 5 Gy X-rays), which return to control levels within 2 weeks [90]. The normalization of
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macrophage numbers suggests a replenishment by blood monocytes. If the absorbed dose crosses a
model-dependent threshold, the number of alveolar macrophages further increases dose-dependently
within 2 months, which is regarded as a hallmark of radiation pneumonitis [74,85].
out-of-field
in-field
1 mmshown cross section
Figure 3.6 High-resolution image of a lung tissue thin section (5 µm thickness, stained with
Hematoxylin-Eosin). The animal was partially irradiated with 21 Gy of protons in a 50% field
and sacrificed 42 weeks post irradiation. Within the radiation field (‘in-field’ area), a very pronounced
deposition of extracellular matrix and disorganization of the lung tissue is observable. In contrast,
the ‘out-of-field’ area presents a normal lung morphology with intact alveoli. Lung drawing modified
from [69], tissue slice from this thesis.
Early retraction of endothelial cells has been observed in vitro within a day after irradiation, which
correlated in vivo with edema [51, 64]. Morphological alterations in endothelial cells were apparent
in vivo 2 weeks post irradiation, accompanied by a detachment and ‘loss’ of endothelial cells by
an unknown mechanism. Such alterations in the vasculature are succeeded by pulmonary artery
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hypertension around 8 weeks post irradiation, which directly correlated with the increased breathing
rate [25]. During this time and in the months following radiation exposure, an increasing permeability
and leakage of plasma protein into the tissue was detected [91, 92]. Blood plasma contains a multitude
of potentially pro-inflammatory components such as cytokines or the complement system. A subsequent
activation of the complement system within the lung tissue was proposed to be important for the
perpetuation of inflammation, thereby directly linking vascular damage with radiation pneumonitis [73].
Indeed, starting from 1 month post irradiation, a pronounced infiltration of immune cells is histologically
observable (‘acute pneumonitis’), and recent studies demonstrate that these immune cells mostly
comprise T lymphocytes, neutrophils and monocytes [93]. The aforementioned secretory function of
immune cells might contribute to the development of chronic effects, especially fibrosis.
Starting from 2 months after irradiation, an enhanced proliferation of fibroblasts and other cells
can be observed, which correlates with an increased deposition of extracellular matrix molecules
(ECM). The proliferation of fibroblasts leads to a severe disorganization of the alveolar structure and
replacement of lung parenchyma with ECM (Figure 3.6). Strong fibrosis is accompanied by hypoxia
due to lack of blood circulation (‘ischemia’) and oxygen exposure, and has been proposed to perpetuate
radiation-induced lung fibrosis [94]: tissue hypoxia leads to the pronounced formation of ROS [95,96],
which activate latent TGF-β [43,97]. TGF-β then again activates effector cells, leading to a vicious
cycle of self-perpetuating fibrosis. Due to these very pronounced morphological changes, the inner
functional surface of the lung is greatly reduced, leading again to an increased BR as a compensatory
reaction.
























Figure 3.7 Model of the molecular mechanisms involved in the fibrotic remodeling. Epithelial
cells are injured by ionizing radiation, which leads to a pro-inflammatory cytokine release attracting
inflammatory cells. After removal of initial damage such as dead cells, cytokines initiating tissue repair
are released, leading to a fibroblast migration, proliferation and activation. The tissue is remodeled,
but an excess production of extracellular matrix (ECM) can lead to fibrosis. Modified from [98].
During the last two decades, the idea of ‘proliferating fibroblasts leading to fibrosis’ has been challenged
and considered as an incomplete description of the cellular events occuring during the development
of pulmonary fibrosis. Next to the classic idea of resident fibroblasts being ‘activated’, leading to
proliferation and ECM deposition, two other fibrogenic mechanisms are currently being discussed:
Epithelial-to-mesenchymal transition (EMT) and the infiltration of bone-marrow derived mesenchymal
progenitor cells, fibrocytes (explained in detail below). Together with the idea of an early epithelial and
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endothelial injury and a subsequent inflammatory response, a hypothesis of the sequence of cellular
events leading to fibrosis was proposed by Wynn [88]. In Figure 3.7 a modified version of this model
is shown for clarity and to bring the model in the context of ionizing radiation. Radiation leads
to injury of the lung parenchyma and thus to the many cell types it comprises. As a response to
this injury, pro-inflammatory mediators such as TNF-α are released, which trigger an inflammatory
response leading to the invasion of immune cells. After clearance of dead cells and debris, immune
cells, especially macrophages, release cytokines initiating tissue repair. These cytokines activate the
three mentioned processes—invasion of bone marrow derived fibrocytes, EMT and proliferation of
resident fibroblasts—leading to a differentiation into proliferating myofibroblasts with secretion of ECM
molecules. The individual contribution of these three processes to the final phenotype is unknown.
Subsequent studies have shown that not only fibroblasts, but also other resident cells such as pericytes
contribute to the formation of fibrotic clots in the lung [99].
Epithelial-to-mesenchymal transition
The mechanism of EMT results in a change from the epithelial-like morphology of small closely
connected cells towards a fibroblast-like morphology of spindle-shaped, unconnected and motile cells.
This transition is accompanied by morphological and molecular changes in the cell, such as
a. activation of genes responsible for the transition, for instance certain cytoskelettal markers
b. downregulation of adhesion molecules such as E-cadherin
c. rearrangement of the cytoskeletton and
d. increase in motility.
EMT is a well known process during embryogenesis, wound healing [100] and also metastasis [101], but
more recently evidence was provided that EMT is also a relevant process during tissue fibrosis in the
kidney [102] and the mammary gland [8]. For the lung, results are contradictory—some authors find
evidence for EMT in vivo and in vitro [103–106], others excluded the possibility that EMT occurs in
the lung in vivo [99,107]. Because all of the above mentioned in vivo studies examined EMT only in
human idiopathic pulmonary fibrosis or murine models with chemically induced fibrosis, the relevance
of EMT as a radiation-induced process occurring in vivo in the lung remains to be elucidated.
The signaling pathways leading to EMT have been reviewed in [108]. Briefly, three main pathways
have been found to be associated with EMT: The Wnt/β-catenin pathway, the extracellular matrix/ILK
pathway and the TGF-β/Smad pathway. β-catenin as well as Smad proteins translocate into the
nucleus and initiate transcription of a multitude of genes, one of which is the transcription factor Snail.
Upregulation of Slug and Snail was described as crucial to the initiation of EMT (reviewed in [109]),
because they suppress epithelial and activate mesenchymal genes. Among the mesenchymal gene
products are typical fibroblast markers such as Vimentin and Collagen 1A, as well as fibroblast specific
protein 1 and others. TGFβ induces the reorganization of the cytoskeleton through the Rho/ROK
pathway, which is reflected by a change in the cell shape and increased motility.
Establishment of reliable markers for cells undergoing EMT is challenging due to complex changes
occurring during this process. Within the scope of this thesis, the ideal marker would be able to reliably
identify cells that are undergoing or have underwent EMT in lung tissue sections. Some studies rely
on the double-labeling of epithelial and mesenchymal markers under the premise that cells undergoing
EMT must show both markers at some point during the transition [104]. This is the case in vitro, but
was found to be challenging in vivo due to the vast amount of epithelial and mesenchymal cells in lung
tissue. Other studies proposed the expression of fibroblast specific protein 1 (FSP1; also known as
S100A4) as a marker for EMT [110], which was in subsequent studies often taken as a proof for EMT
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in fibrosis for multiple organs (reviewed in [111]). Indeed, during pulmonary fibrosis FSP1 is highly
upregulated in lung tissue.2 Nevertheless, for pulmonary fibrosis a connection to EMT was never
definitely proven, and since FSP1 appears to be a general marker for cell migration [112], upregulation
of FSP1 in the scope of pulmonary fibrosis can be regarded as ambiguous. A very new approach is to
stain for transcription factors specific for EMT, which are on top of the regulatory cascade leading to
the complex biochemical changes seen during the transition. New candidates for EMT-specific markers
are the transcription factors Slug [109,113,114], Snail [109,115,116] and TWIST [103,116–118]. Slug
and Snail are transcription factors belonging to the same superfamily and act as master switches for
the inhibition of E-cadherin expression, and were related to the dissociation of desmosomes, which
constitutes an initial step for EMT [114]. The precise mechanism of TWIST is unknown at present,
but TWIST was found to be upregulated in vivo in idiopathic pulmonary fibrosis [103] and is therefore
a good candidate for investigation of EMT in radiation-induced pulmonary fibrosis.
Bone marrow derived fibrocytes
Bone marrow (BM) derived fibrocytes have been first described by Bucala et al. [119]. In contrast to
EMT, the invasion of BM fibrocytes was proven to be a relevant process in radiation induced lung
injury and fibrosis [120,121]. Furthermore, a role in pulmonary vascular remodeling in hypoxia-induced
hypertension was proposed [122]. BM fibrocytes express the typical leucocyte markers CD34 and CD45
in combination with fibroblast markers such as Collagen 1A and Vimentin [123], but it was noted that
differentiating BM fibrocytes eventually lose the leukocyte markers (reviewed in [124]). BM fibrocytes
home to tissues by using different sets of chemokine ligand-receptor pairs [124], of which CXCL12
was found to be important for the lung [125]. TGF-β and other cytokines induce differentiation of
BM fibrocytes into myofibroblasts, which is marked by an increase of alpha smooth muscle actin
(αSMA) and collagen expression, as well as a loss of the mentioned leukocyte markers. Interestingly
the differentiation of BM fibrocytes could be inhibited in vivo by serum amyloid P, which also inhibited
the development of bleomycin-induced pulmonary fibrosis [126,127].
3.1.5 Aims of this project
In this project the effects of carbon ion and proton irradiation on the function and histology of the
rat lung will be investigated. This project will be performed in close collaboration with the group
of Rob Coppes, University Medical Center Groningen (UMCG), The Netherlands. Irradiation with
carbon ions under therapy conditions were and will be performed at the GSI accelerator facility. In
addition, access to archival data and specimens from proton irradiations performed at the UMCG is
provided. Emphasis will be put on the generation of dose-response curves for the breathing rate as a
functional and clinical endpoint. A detailed investigation and comparison of histological effects such as
parenchymal inflammation, vascular damage and fibrosis will accompany the observations made for
the breathing rate. Modeling of the data will provide the relative biological effectiveness (RBE) of
all endpoints for carbon ions and protons. The data to be obtained will be of importance for future
treatment of bronchial carcinoma with carbon ions.
Furthermore, cellular mechanisms leading to inflammation and fibrosis in radiation-induced lung
injury will be investigated on the obtained lung specimens. For this purpose, immunofluorescent
staining protocols and automatic image segmentation approaches will be established. The number
and localization of macrophages at different time points after radiation exposure will be assessed
using image segmentation. The relevance of EMT and BM fibrocyte invasion in radiation-induced late
pulmonary fibrosis will be assessed in cryosections of lung tissue.
2This thesis, preliminary result
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3.2 Materials and Methods
All materials are listed in the appendix A (p. 103ff).
3.2.1 Study design
The study design for carbon ion irradiation is based on previously published studies for proton
irradiation [128, 129], where breathing rate (BR) measurements of the animals were used as an
estimator for the lung function at different time frames after irradiation. In those published studies,
only early time frames, corresponding to the acute phase of the radiation response, were considered.
Carbon ion doses were chosen based on those earlier experiments with protons, but with a broader dose
range, because the ED50 for normal tissue damage in the lung after carbon ion irradiation is unknown
(Figure 3.8). Although not known for sure, it can be expected based on in vivo and in vitro studies
that carbon ions elicit the same effect at lower physical doses than protons, which is why slightly
lower dose ranges were chosen. Three experiments for carbon ions were performed, of which one also
contains data for spread out Bragg peak (SOBP) irradiation. For each dose group, at least 5 animals
were irradiated in order to obtain a suitable dose response curve (3 animals for SOBP). Because the
irradiated lung volume determines the maximum dose which can be adminstered, and a larger volume
can lead to a different response of the lung tissue, two radiation fields (50% and 100% of the lung
volume) were chosen.
The thesis presented here adds carbon ion data for the BR in the acute and late phase, as well
as reanalyzed proton data for the late phase. The animals were sacrificed after the end of the BR
experiments, which allowed for a thorough analysis of the histology in the chronic phase (42 weeks) after
carbon ion and proton irradiation in order to gain insight into the ED50 values of different histological
endpoints. Furthermore, studies were performed with the aim to reveal possible mechanisms of late
tissue damage, for which the lungs of some animals were prepared for cryosectioning.













Figure 3.8 Overview of the dose administered to the animals. For 100% lung volume, doses < 14 Gy
were chosen in order to reduce the influence of heart irradiation [129]. For 50% lung volume, the onset
of the response can be assumed to occur at much higher doses, therefore higher physical doses were
chosen. Since the experiments with carbon ions were performed as a first study, a broader dose range
compared to the protosn needed to be covered.
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3.2.2 Animals
Adult male albino Wistar rats of the Hsd/Cpb:WU strain (Harlan-CPB, Rijswijk, The Netherlands)
weighing 300 ± 10 g at the beginning of the experiment were housed five to a cage under a 12 h
light/12 h dark cycle and fed rodent chow (RMH-B; Hope Farms, Woerden, The Netherlands) and
water ad libitum. All experiments were performed in agreement with the Netherlands Experiments on
Animals Act (1977) and the European Convention for the Protection of Vertebrate Animals Used for
Experimental Purposes (Strasbourg, 18.III.1986) [130].
3.2.3 Irradiation procedure
100% 50%
Figure 3.9 Radiation portals for carbon ions and protons. The 100% includes irradiation of the
heart, while the 50% field spares the heart. ( irradiated,  shielded).
The procedure was described in [84] and modified to reflect the experimental setup for carbon ion
irradiation. The rats were anesthetized with an intra-peritoneal injection of xylazine (Rompun; Bayer,
Leverkusen, Germany) plus S-ketamine (Ketalar; Pfizer, Capelle aan de IJssel, The Netherlands)
and placed in a holder hanging on a positioning rod by their upper incisors for irradiation. For
proton irradiation, 150 MeV u−1 protons corresponding to an LET of 0.5 keV µm−1 were used in a
fixed beam line at Kernfysisch Versneller Instituut, Groningen, The Netherlands. For carbon ion
irradiation, animals were irradiated at GSI (Darmstadt, Germany) with a scanned pencil beam of
carbon ions at 270 MeV u−1, corresponding to an LET of 13 keV µm−1. The dose distributions were
chosen such that the heart was either spared or irradiated only to a dose (< 14 Gy) below the threshold
dose of 18 Gy where it starts influencing loss of pulmonary function [129]. This ensured that the
observed irradiation-induced injuries could be attributed to dose to the lung only. Control animals
were anesthetized and sham irradiated. Figure 3.9 gives an overview of irradiated volumes and the
shape of the openings of the collimators.
3.2.4 Breathing rate measurements
The breathing rate (BR) at rest was recorded for each rat two weeks before irradiation and every
second week until 42 weeks post irradiation using a published protocol [130]. An unrestrained and
conscious animal was placed in a 1500 ml airtight tube of a whole-body plethysmograph connected to
a pressure transducer. The frequency of pressure changes inside the tube was recorded and displayed
on a calibrated chart as breaths per minute (min−1). A mean BR of an animal was then calculated
from a minimum of four steady regions of the recording lasting 15 s.
3.2 MATERIALS AND METHODS 45
Statistical analysis
For the calculation of the BR-based normal tissue complication probability (NTCP), the BRs of control
animals were averaged for the acute (6–12 weeks post irradiation) and chronic (36–42 weeks post
irradiation) phases separately. BR data of control animals from all carbon ion and proton experiments
were combined. An irradiated animal was defined as a responder when its mean BR was greater than
the mean BR plus two standard deviations of all control animals. The threshold for significance was
set to 187.27 min−1 for the acute phase and 180.81 min−1 for the chronic phase. For each irradiated
volume and time frame, the fraction of responders was plotted as a function of the physical dose. The
ED50 for carbon ions and protons was determined by fitting the logistic model
f(D) =
ymax
1 + exp(−k(D − ED50)) , (3.1)
with D defined as the physical dose, ymax as the maximum y value (ymax = 1 for NTCP calculation)
and k as a coefficient determining the central slope of the sigmoid curve. The fit was performed using
the Maximum-Likelihood method where the likelihood function is based on the binomial distribution of
the number of responding animals. In this procedure the number of animals and hence the weighting
of individual data points for the overall fit is automatically included.
3.2.5 Histological examination
Histological examination was performed 8 and 42 weeks after radiation. However, the majority of
animals were sacrificed after the end of the BR measurements 42 weeks post irradiation, which allowed
for a more fundamental analysis compared to 8 weeks post irradiation. Due to the dissection protocol
for these experiments and the complicated geometry of the lung, it is possible that parts of the assessed
lung specimens were inside an area shielded from radiation, which cannot be determined post hoc.
This possibility was ignored during scoring for the sake of simplicity.
The lungs were extracted and inflated with formalin solution. Afterwards, the lungs were embedded
in paraffin and stored at 4 ◦C until further processing. Sections of 5 µm were cut and stained with
hematoxylin and eosin and examined by light microscopy. Fibrosis, parenchymal inflammation and
late vascular damage were blindly scored as follows (Figure 3.10):
Fibrosis No fibrosis: Score 0. Mild thickening of lung parenchyma with alveolar structure still
visible: Score 1. Larger fibrotic foci containing fibrotic clots: Score 2. ≥ 50% of tissue shows fibrotic
phenotype, highly damaged or disrupted alveoli: Score 3.
Parenchymal Inflammation No inflammatory cells present: Score 0. Only a few inflammatory
cells present in the lung: Score 1. Many non-clustered inflammatory cells present (200× magn.):
Score 2. Large amounts of inflammatory cells present (100× magn.), ≥ 50% affected area: Score 3.
Vascular Damage No affected vessels: Score 0. Edema in small vessels (200× magn.): Score 1.
Enhanced edema with smooth muscle cell proliferation: Score 2.
Statistical analysis
Scores are arbitrary assignments of observed effects to numbers. They are thus discrete, “ordinal”
numbers and have to be treated accordingly. For instance, it is not allowed to compare different
endpoints based on averaged scores; it is only allowed to compare between scores of the same endpoint.
Significance between scores of two dose groups was assessed using the Wilcoxon rank sum test [131].
Null hypothesis (scores are equal for both groups) was rejected at p < 0.05.
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Figure 3.10 Scoring scheme for fibrosis, parenchymal inflammation and late vascular damage. Top
row: Scoring scheme for fibrosis (*) and parenchymal inflammation (arrow pointing at macrophages).
Bottom row: Scoring scheme for late vascular damage (E, edema). For explanation see text.
In order to calculate the NTCP and ED50 for fibrosis and parenchymal inflammation, all scores
per animal were averaged and the fraction of responders was determined per dose group. Threshold
for a response was determined for each endpoint separately by plotting averaged scores as a function
of the dose and fitting the model given in Equation 3.1, but with a free ymax value. The 0.5× ymax
value was taken as a guide value to define the threshold, based on which the responding animals were
determined. The same threshold was used for carbon ion and proton data, but different ones for fibrosis
and parenchymal inflammation.
The NTCP and ED50 were determined by fitting the model given in Equation 3.1 to the resulting
data. A likelihood surface at 95% confidence level was calculated in order to determine whether the
dose response curves are significantly different from each other.
3.2.6 Immunofluorescence and image segmentation
In this thesis, automated analysis of microscopic images, image segmentation, was established. In this
section the basic concepts of image segmentation are explained, with a focus on immunofluorescence
images of the lung.
The term ‘image segmentation’ is generally defined as the automated extraction of features from
images, which makes the information contained in the images accessible to statistical analysis. From
the point of view of fluorescence microscopy, image segmentation usually refers to the identification of
cell types and the extraction of features of those cells, such as the position, size, shape and fluorescence
intensity (FI). An image of a lung tissue slice contains on average around 800 cells, as determined by
counting nuclei in images of DAPI stained tissue. It was estimated that around 30–40 images have to
be captured per slice to get a stable readout of the endpoint, such as the number of macrophages.3 If
3 different parts of a lung and 3 animals are taken into account, for 5 radiation doses at least
3This number was later confirmed using bootstrapping statistics (Figure 3.14).
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800 cells× 40 images× 3 slices× 3 animals× 5 doses = 1.44× 106 cells
have to be analyzed in order to determine radiation effects in the rat lung with appropriate statistics,
which would take at least 140 h to do manually. Due this substantial amount of work and the
subjectivity of a manual analysis, results are challenging to obtain. For this reason, image segmentation
was chosen in favor of manual counting. In addition, image segmentation allows for a rich feature
extraction, e.g., cell size, position and shape, which is of potential interest in the later analysis.
A common application for segmentation is the counting of cells stained for a specific marker.
Counting of cells first requires the identification of all cells, based on which positively stained cells are
identified. The identification of all cells is based on the detection of DAPI-stained nuclei, for which a
multitude of different methods is available (reviewed in [132]). An often used approach is the watershed
method [133], in which starting from local intensity minima in the image—the background—a border
is extended, until a certain rise in the intensity—the nuclei—is reached. After correction for clumped
objects such as stacked nuclei, the final outlines of the detected nuclei are defined.
Based on the detected nuclei, the second fluorescence channel is used to determine if the cell
belonging to a nucleus is positive for a stained marker, e.g., a macrophage marker. The detection
of a positively stained cell requires the definition of a threshold FI above which a cell is considered
as positively stained. This threshold is dependent on the background intensity of the image: if the
threshold is too close to the background intensity, false-positive cells will be detected; if it is to far
away, only false-negative cells will be found. In addition, the background intensity varies across a
tissue sample and the threshold has therefore to be adjusted dynamically for each image, as explained
in Figure 3.11.
Figure 3.11 Explanation and rationale for dynamic thresholding. The left panel depicts the histograms
of two different images, between which the means (solid lines) of the background fluorescence intensities
(FI) clearly differ. The background intensities follow a Gaussian distribution, and the thresholds
are positioned accordingly (15× σ, dotted lines). The right panel shows color coded the calculated
thresholds across a whole tissue slice. Each point represents one image. Because the background FI is
changing with the position on the tissue slice, the threshold has to be calculated individually for each
image to allow for a correct segmentation.
Identifying single cells stained for a marker in lung tissue has the advantage that even in fibrotic
areas > 95% of the pixels in an image belong to background, which is related to the structure of the
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tissue (mostly thin-walled alveoli). An image histogram4 (Figure 3.11, left panel) demonstrates that
the background intensity distribution follows a gaussian function, and pixels with a higher intensity
belonging to stained cells cannot be observed at the shown scale of the y-axis. This feature greatly
facilitates the threshold calculation, because the mode or the median5 µ can be used as statistical
measures to describe the background intensity of an image. Together with the standard deviation σ of
the gaussian function, the threshold T can be defined as
T = µ+ F × σ, (3.2)
with F defined as an arbitrary factor set by the investigator to fit their observation. In an ideal case,
a significant difference from the background FI is usually given when the mean intensity of a cell
I¯cell > µ+ 2× σ, but it might occur that background signals originating from the secondary antibody
have to be taken into account and F has to be set higher.
Immunofluorescent staining
Tissue sections were deparaffinized in Histoclear (National Diagnostics, Atlanta, USA) twice for 10
min. Following deparaffinization, sections were rehydrated in a descending ethanol series (100%, 95%,
70%; 5 min each) and washed twice for 5 min in tap water. During the washing steps, citrate buffer
(10 mM, pH 6.0) was preheated in a microwave for 10 min at 700 W. For antigen retrieval, slides were
boiled in citrate buffer for 10 min at 700 W and left to cool down for 15 min afterwards.
For immunofluorescent staining, slides were immersed in Triton-X 100 (0.1% in PBS) for 20 min at
room temperature. Following two washing steps (5 min in PBS each), a blocking solution consisting
of 10% FCS and 1% BSA in PBS was applied for 30 min at room temperature. Primary antibodies
were diluted as indicated in PBS containing 1% BSA and incubated at 4 ◦C over night. After washing
three times for 10 min each, secondary antibodies diluted 1:250 in PBS containing 1% BSA were
incubated at room temperature for 1 h. After three washing steps (10 min in PBS each), Sudan
Black B (Sigma-Aldrich; 0.1% in 70% ethanol, supplemented with 5 µg ml−1 DAPI) was applied for
10 min to reduce tissue autofluorescence and stain the nuclei. Slides were washed for 10 min in PBS
and afterwards in flowing tap water and left to dry at 37 ◦C for approx. 30 min. Finally, slides were
mounted with VectaShield (Vector Labs, Burlingame, CA, USA) and cover slips were sealed with clear
nail varnish.
Reduction of tissue AF by Sudan Black B
During the first experiments using fluorescent staining methods it was noticed that lung tissue shows a
strong autofluorescence (AF) which obscured the signals of the fluorescent stains and impeded the
analysis of the staining. The DAPI channel (λex = 405 nm) demonstrated the highest AF intensity.
The AF intensity decreased with increasing excitation wavelength, channels with longer excitation
wavelengths are thus less prone to AF (not shown). The spectra of the AF overlap strongly with the
spectra of commonly used fluorescent dyes (Figure 3.12).
The AF of lung tissue poses a problem for a subsequent automatic identification of cells. Nuclei
have to be identified and a good signal-to-noise ratio is important for a correct segmentation. The same
problem arises for the identification of cells stained by antibodies, which has the additional problem
of background signals originating from the secondary antibody, further increasing the non-specific
fluorescence. Therefore, the next step after characterization of the AF was to assess which of chemicals
are suitable to reduce the AF sufficiently for subsequent imaging. Sequential slices from the same lung
were treated with Sudan Black B, Glycine and/or Sodium borohydride, but without antibodies or
4The number of pixels plotted as a function of the intensity
5The mean is not suitable because it would be influenced too much by very bright stains as ‘outliers’
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Figure 3.12 Autofluorescence spectra of healthy rat lung tissue. A whole-image λ-scan was performed
using different excitation wavelengths (dotted lines). An area containing tissue was selected and the
fluorescence intensities were normalized and plotted as a function of the wavelength. The spectra of the
fluorescent labels are shown for comparison with the autofluorescence of the tissue at the corresponding
excitation wavelength. Source of fluorescence spectra: fluorophores.org
nuclear stainings. Afterwards, the samples were imaged by epifluorescence microscopy and confocal
laser scanning microscopy.
Glycine and Sodium borohydride have a negligible effect on the intensity of the AF. Only Sudan
Black B reduces the AF to approximately 20% of the unstained sample in the DAPI, Alexa 488 and
Alexa 568 channels (Figure 3.13). The remaining AF after Sudan Black B treatment can barely be seen
by eye. In preliminary tests, this reduction was found to be sufficient for an automated segmentation.
Additional incubation with Glycine and Sodium borohydride reduced the AF further, but these steps
take more than 1 h and the effect is negligible. For this reason, only Sudan Black B was used to
reduce the AF in all following experiments, based on a published protocol [134]. Sudan Black B,
however, increases the fluorescence at 633 nm excitation, which thus cannot be used for the detection
of Atto 647N or spectrally similar fluorophores.
Image acquisition
Images were acquired on a Leica TCS SPE microscope (Leica Microsystems, Mannheim, Germany) in
epifluorescence mode using a 20× objective. Exposure time was set at the beginning of the acquisition
and was not changed afterwards. Either, 40 images were captured manually per slide, or the TileScan
mode of the Leica LAS AF software was used to automatically scan the whole tissue slice. In the
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Figure 3.13 Reduction of AF by different chemicals at different excitation wavelengths. Images
from epifluorescence microscopy were assessed. (NaBH4: Sodium borohydride; SBB: Sudan Black B)
N = 1, n = 1
latter case, z-stack images (10 slices) were acquired per tile in order to circumvent the lack of hardware
autofocus. The resulting image file was saved on a portable hard drive for subsequent post-processing
and analysis.
Post-processing of files
The image file from the microscope was opened in ImageJ [135] with the Bio-Formats LOCI tools
plugin [136], which is able not only to open multi-tile, multi-z, multi-channel Leica image files, but also
extracts metadata such as the position of the stage during image acquisition. An ImageJ macro was
written to export all images sequencially with the format <name> <tile> <z-plane> <channel>.tif.
This format is later used by the Python scripts and CellProfiler [137] pipelines for file handling. The
image metadata file was saved for later use.
Whole-slice scans Since the employed microscope has no hardware autofocus capability, a custom
CellProfiler pipeline was used to score the focus for each z-stack of a tile in the DAPI channel.
CellProfiler returns a list of focus-scores for all images, which was then fed into a Python [138] script
to select the sharpest image from each tile and generate a list of files with the most focused image
per tile. Unpopulated or very unfocused tiles with a focus score < 0.05 were omitted. A script was
then used to read the list and copy the focused images into a separate folder, and segmentation was
performed on these images.
Segmentation
For segmentation of cells, a CellProfiler pipeline was created and each raw 16 bit TIFF image was
separately loaded and analyzed. A graphical representation of the pipeline can be found in Figure
C.1 (p. 122). After illumination correction by polynomial fit, the DAPI channel was used to identify
cells. A built-in adaptive version of the Otsu algorithm [139], which corrects for remaining unequal
illumination, was used to calculate the threshold for the DAPI channel and to segment the nuclei.
The nuclei segmentation was configured by counting representative images manually and adapting the
segmentation settings to fit the manual counting results. These settings may have to be adjusted when
using a different microscope setup or investigating a different organ.
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For detection of positive cells, the corresponding images for the Alexa Fluor 488 and 568 channels
were loaded. The threshold for positive signals was calculated for each image individually to take
changes in the background signal intensity into account. Since all markers showed very strong signals,
the threshold could be set to 15× σ of the background signal. All margins of the DAPI nuclei were
dynamically extended by maximum 6 pixels using a per-object implementation of the Otsu algorithm.
This step was necessary to reduce false-positive detections of neighboring cells. A cell was labeled
as positive if the mean intensity of the staining within this border was greater than the threshold
intensity. Data were exported to a .csv (comma separated value) file, which can be either opened in a
spreadsheet application or automatically processed. Further information on the pipelines and analysis
software developed in the scope of this thesis is given in the Appendix C.
Determining the minimum representative number of images per slice
For experiments not using the TileScan feature, the minimum representative number of images had
to be determined. The fewer images are captured per slice, the higher is the stochastic error of the
analysis performed later. In other words, it is necessary to capture the whole tissue slice in order to
calculate the mean value of, for instance, the percentage of macrophages in the tissue, without any
stochastic error. If less than the whole slice can be captured, e.g., due to constrains in the available
memory or processing power, the information about the not-captured areas of the tissue slice is lacking.
As a result, the stochastic error of the mean value increases.
Most of the information on the required minimum image count is based on personal communication
and is not disclosed in literature. To provide a more quantitative assessment of the required image
number, bootstrapping statistics were applied. This numerical simulation can be used to determine
the minimum number of images which have to be captured in order to get a sufficiently low stochastic
error of the mean, which is represented as the standard deviation σ.
A scan of a whole slice was captured and the mean value of the percentage of ED1+ cells was
calculated for the whole slice. This represents the ‘perfect’ mean value with zero stochastic error. By
randomly removing images from this scan up to the point where only 2 images are left and recalculating
the mean after each removal, the number of images at which the mean value begins to fluctuate and
becomes unsteady was determined. This simulation was repeated 100×, yielding the mean value and
standard deviation—hence the stochastic error—as a function of the image count, from which the
minimum representative number of images can directly be determined (Figure 3.14).
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Figure 3.14 Bootstrapping statistics of the minimum representative number of images from a lung
slice. Three repesentative tissue slices (control, irradiated early, irradiated late) were analyzed. Left
panel: mean ± standard deviation of 100 simulations as a function of the image count. Right panel:
only standard deviation as a function of the image count. Shaded area indicates the range of image
counts used for quantification in this thesis.
Three representative whole-slice scans from an unirradiated lung, an irradiated lung after 8
weeks and an irradiated lung after 42 weeks were analyzed. The mean value converged to the final
value of the whole slice after 10 images for the unirradiated and after 25 images for the irradiated
slices. At approximately 30–40 images—the amount of images captured during this investigation—the
unirradiated slice had a σ of 0.3. The irradiated lungs both had a σ ≈ 1 at the same image count.
The higher σ of the irradiated tissue is related to the greater number of ED1+ cells which are not
distributed equally across the whole sample.
This simulation indicates that capturing 30–40 images is a safe and economical amount of data
with a satisfactory stochastic error. A reduction of the standard deviation of irradiated samples to
σ = 0.5 would require 2–3× the amount of images.
Generation of whole-slice representations
For representation of whole tissue slices, a Python script was developed in order to extract the position
of the stage during acquisition from the image metadata and match it to the CellProfiler results
(Appendix C). GD, a free, programmable graphics tool developed in house was used for plotting. Each
tile was assigned a color matching the segmentation result and plotted to the respective position of the
microscope stage. The size and format of the data points are to scale with the images.
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3.3 Results: Radiation-induced changes of lung function and morphology
This part describes the effects of ionizing radiation on the breathing rate, hence on the lung function,
and the associated changes in the morphology. The results are compared between carbon ions and
protons. The analysis begins with a qualitative assessment of the lung macrostructure after irradiation,
followed by a description of the development of the breathing rate over time for different irradiation
volumes. Afterwards, the normal tissue complication probability (NTCP) of the breathing rate is
calculated and compared, followed by the NTCP for histological effects.
3.3.1 Irradiation induces changes in the lung macrostructure
1 cm1 cm
Control 15.75 Gy carbon ions
Figure 3.15 Lung macrostructure 42 weeks after exposure to 270 MeV u−1 carbon ions. Freshly
explanted, inflated lungs from an unirradiated (left) and an irradiated (15.75 Gy, 50% field; right)
animal are shown in dorsal view. Contours of a healthy left lobe are outlined by white line. Area
shielded from radiation is outlined by yellow box. Note that the lung was flattened out for photography
and hence the very right lobe is in vivo within the shielded part. Scale bar: 1 cm
Irradiation of the lungs of animals with high doses of charged particles induces changes in the lung
macrostructure. The unirradiated lung (Figure 3.15, left panel) has a normal morphology, all lobes
are of red color and properly inflated. The irradiated lung (Figure 3.15, right panel) received a dose
of 15.75 Gy carbon ions in a 50% field (see Figure 3.9 for radiation portals). The yellow box outlines
the shielded area, the white line outlines the dimensions of a healthy left lobe. The radiation-induced
changes are manifested as brownish color and as a severe shrinkage of the irradiated areas. The left
lobe has completely degenerated in response to radiation exposure. The tissue in the shrunken parts
consists mainly of connective tissue and inflammatory cells, and does not contain functional lung
parenchyma anymore, as determined by histological examination. The observed effects do not differ
qualitatively between protons and carbon ions.
3.3.2 Animals irradiated with carbon ions demonstrate an increased breathing
rate
The macroscopic changes elicited by radiation are reflected by functional impairments (Figure 3.16).
The breathing rate (BR) is a direct measure of lung function because the organism needs to compensate
the reduced oxygen uptake efficiency of an injured lung by breathing at a higher rate. Because BR
measurements are non-invasive and non-lethal, this method can be applied to track the lung injury as
a function of the time after irradiation.
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Figure 3.16 Breathing rate of rats irradiated with carbon ions, measured from 2 weeks prior until 42
weeks post irradiation. Average BRs of control animals (black), animals receiving dose to 100% (11
Gy; red) or to 50% of the lung (18 Gy; blue) are plotted as a function of the time post irradiation.
n = 6 per dose. Error bars show SEM.
The BRs of the unirradiated animals at the beginning of the experiment are at 180 min−1. They
decrease during the course of the experiment to a rate of 150 min−1, which corresponds to an upper
normal BR of a healthy rat. The observed decrease is a result of the growth of the animals over time.
The development of the BRs over time are dependent on the irradiated lung volume. Animals
receiving a dose to the whole lung (100% field) show a very steep increase of the BR starting from
week 2 post irradiation. The BR at this distinct maximum reaches approximately 250 min−1, followed
by a sharp drop 8 weeks post irradiation. In some experiments, the BR remained elevated until 12
weeks post irradiation. For the rest of the experiment, the BR remained elevated, but only slightly
above the BR of control animals.
Animals receiving a high dose of carbon ions to 50% of the lung responded with a very different
development of the BR increase. The distinct maximum of the BR measured in animals irradiated with
a 100% field is absent. Instead, the mean BR increases slowly and reaches a maximum of 240 min−1
at week 26 post irradiation, followed by a decrease which never declines to the BR of unirradiated
animals.
The development of the BR is dependent on the irradiated lung volume, and volume-related
differences occur during the acute (around 8 weeks) and the chronic (around 42 weeks) phase of the
radiation response. Therefore, subsequently presented results will distinguish between the phases, as
well as between the irradiated lung volumes.
3.3.3 The ED50 for reduced lung function is lower for carbon ions than for
protons
The BR is a direct measure for lung function and can be used to determine radiation-induced loss
of pulmonary function (Figure 3.17). The most common approach is to determine the normal tissue
complication probability (NTCP), which is defined as the fraction of responders as a function of the
radiation dose for a specific endpoint. If a significantly increased BR is defined as a normal tissue
complication, the effective dose at which 50% of the animals respond (ED50) can be determined, which
represents the value of interest.
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Figure 3.17 NTCP after carbon ion (closed circles, solid line) or proton (open circles, dashed line)
irradiation as a function of the physical dose. The acute phase (6–12 weeks; A, B) and the chronic
phase (36–42 weeks; C, D), as well as the irradiated lung volumes (50%; A, C and 100%; B, D) were
analyzed separately. Model shown in equation 3.1 was fitted to the data. Horizontal lines indicate 95%
confidence limits of the ED50 values. The fit for the 100% data at late time frames did not converge.
Sample sizes and 95% confidence levels for all data points are listed in Tables B.1ff.
The applied model (Equation 3.1) yields the ED50 and a factor describing the slope of the curve.
Additionally, the 95% confidence limits (95% CL) can be determined, here only shown for the ED50
values. The fit was weighted using the binomial distribution of the number of responding animals.
The data points in Figure 3.17 underlie a statistical error based on this binomial distribution. The
error bars are not plotted for visual clarity, but 95% CL and sample sizes are listed in Tables B.1ff (pp.
109–112). To prove significant difference between the curves, log-likelihood surfaces (LL surfaces) were
calculated (Figure B.1, p. 116).
In panel A (Figure 3.17), which depicts the analysis of the acute response between 6–12 weeks
post irradiation for 50% irradiation volume, the data points from both radiation qualities are clearly
separated from each other and the corresponding LL surface indicates a for most parameter combinations
significant difference between the carbon ion and proton dose response curves. The calculated ED50
values for carbon ions and protons are 14.8 Gy and 18.9 Gy within small 95% CL, respectively,
corresponding to an RBE of 1.3. Carbon ion irradiation therefore leads to a loss of function at lower
doses than proton irradiation.
The same observations can be made for the 100% radiation volume during the acute phase (panel
B, Figure 3.17). Again, the LL surface indicates significantly different dose response curves for carbon
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ions and protons. The ED50 values are lower than those of the 50% volume, with 9.5 Gy for carbon
ions and 11.9 Gy for protons, again within very small confidence levels. The lower ED50 values are a
result of the whole lung being affected by radiation damage. The ED50 values correspond to an RBE
of 1.3, which is equal to the RBE of the 50% volume.
For the chronic response from 36–42 weeks, the results are not as clear as for the acute response.
Considering the 50% radiation field (panel C, Figure 3.17), carbon ion irradiation resulted in a clear
dose response, with a calculated ED50 value of 13.8 Gy. The BR of an unirradiated animal was
significantly increased, leading to a NTCP of 0.125. 4 out of 5 animals irradiated with protons had a
significantly increased BR at a dose of 16 Gy, corresponding to a NTCP of 0.8. All remaining data
points are clearly separated between the radiation qualities. Fitting of the model to the data leads to
a sigmoid curve with a very flat slope, which crosses the curve of the carbon ion data. For protons,
an ED50 of 19.0 Gy was calculated, corresponding to an RBE of 1.4, which is slightly higher than the
RBE values of the early response, but the 95% CL is very broad, therefore the ED50 values are not
significantly different from each other.
Figure 3.18 Survival of the animals after carbon ion irradiation. Surviving fraction is given as the
function of the time post irradiation. Analysis includes animals which either died by themselves or
had to be terminated due to weight loss 8 weeks post irradiation.
Considering the 100% radiation field for the late response (panel D, Figure 3.17), 6 animals
(corresponding to 4 data points) across the whole carbon ion dose range had a significantly increased
BR. The model could not be fitted to the data due to the low number of responding animals. None of
the animals irradiated with protons responded, the model thus can also not be fitted to these data.
The response of the few animals irradiated with carbon ions raises the question of relevance of the
data points. First, it has to be noted that more than 60% of the animals which received a dose > 9 Gy
at a 100% volume either died or had to be terminated due to weight loss in compliance with the dutch
animal care law (Figure 3.18), which resulted in a greatly reduced sample size for the calculation of the
late response of the 100% field. Only single animals died after irradiation with a 50% volume, which is
expected in a large experiment. Second, 5 out of the 6 responding animals were only considered to be
responders because their BRs were slightly (< 15 min−1) above the threshold for a significant increase.
When both factors are taken into account, the significance of the response is per definition of course
still given, but the relevance of the observed effect is questionable.
Figure 3.19 repeats analysis scheme of Figure 3.17, but with spread out Bragg peak (SOBP)
carbon ion data analyzed instead of proton data. Overlaid entrance channel carbon ion data were taken
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Figure 3.19 NTCP after irradiation with Entrance channel (closed circles, line) or spread out Bragg
peak (SOBP; hatched circles) carbon ions as a function of the physical dose. Model shown in equation
3.1 was fitted to the data. Data for entrance channel ions were taken from Figure 3.17. The fit for
SOBP data did not converge due to the low number of data points.
from Figure 3.17. The SOBP irradiations started at a lower dose, but covered a broader dose range
than the irradiation with entrance channel ions (Figure 3.8), in order to cover the possible response for
SOBP ions. This study was only of preliminary nature, therefore only three animals per dose group
were irradiated. As a result, the model could not be fit to the data and can therefore only be discussed
in a qualitative manner.
Compared to the data from the irradiations with entrance channel ions, irradiation with SOBP
ions resulted in a similar dose response. The data points for SOBP ions overlap the Entrance channel
data, but for panels A and B (Figure 3.19), animals responded at lower doses compared to animals
irradiated with entrance channel ions. This would suggest a lower ED50 for SOBP ions, but cannot be
confirmed at present. Remarkably in panel D (Figure 3.19), animals receiving dose to the whole lung
responded also at late time points. The individual BRs of those responding animals were again slightly
above the threshold for a significant increase (< 5 min−1).
In conclusion, 3 out of 4 analyses yielded information on the ED50 and RBE values of entrance
channel carbon ions and protons (Table 3.1). In these analyses, carbon ions had clearly lower ED50
values than protons. In other words, carbon ions elicit a normal tissue complication, here defined
as a significantly increased BR, at a lower physical dose than protons. The fourth scenario, the late
response of animals receiving dose to the whole lung, did not yield conclusive results. Detailed analysis
of BRs of animals irradiated with spread out Bragg peak (SOBP) carbon ions could not be performed
58 LATE EFFECTS OF CARBON ION AND PROTON IRRADIATION IN THE RAT LUNG 3.3
Table 3.1 ED50 values and corresponding RBEs
Time frame Volume ED50(C-ions) ED50(protons) RBE
6–12 weeks 50% 14.8 Gy 18.9 Gy 1.3
acute phase 100% 9.5 Gy 11.9 Gy 1.3
36–42 weeks 50% 13.8 Gy 19.0 Gy 1.4
chronic phase 100% —a —b —
a Fit did not converge.
b No responders in the tested dose range.
due to the low sample size. However, the positions of the data points do not indicate a clear differential
effect of this radiation quality at present.
3.3.4 The ED50 for lung fibrosis is lower for carbon ions than for protons
To justify the observations made for the BR, an analysis of the radiation-induced damage on the
morphological level was performed. Most of the samples available were obtained 42 weeks after
irradiation, because the lungs were extracted and embedded only after the end of the BR measurements.
Additionally, samples obtained 8 h and 8 weeks post irradiation are available. The irradiated samples
obtained 8 h post irradiation did not present any alterations compared to unirradiated samples (not
shown). For proton irradiations, data from 8 weeks after irradiation have already been published prior
to this study and will therefore not be shown herein [25,84].
Acute effects, 8 weeks after irradiation
Figure 3.20 shows the raw scores from samples obtained during the acute phase (8 weeks post
irradiation). In order to see possible differences related to the irradiated volume, the data are separated
by dose and volume. In addition, data from irradiation of 50% lung volume are separated between
irradiated (‘in-field’) and shielded (‘out-of-field’) areas in order to demonstrate possible radiation effects
on non-irradiated areas. The arithmetic mean of the scores is indicated for orientation (horizontal line).
Because there are only two doses per irradiated volume available, the ED50 cannot be calculated.
Mild fibrosis was observed sporadically in irradiated animals, in irradiated as well as in shielded
areas (Figure 3.20, top). The increment of the scores in irradiated animals was not significant compared
to control animals.
Parenchymal inflammation was observed in control animals, which is possibly the result of a
sickness leading to a minor inflammatory response (Figure 3.20, left). Animals irradiated with 8.5 Gy
carbon ions did not have parenchymal inflammation. Animals irradiated at doses > 8.5 Gy showed
comparable scoring outcomes, independent from the dose or irradiated volume. Outside the radiation
field, parenchymal inflammation was observed at a similar severeness as within the radiation field.
Vascular damage, manifested as edema around blood vessels, was clearly radiation induced already
at a dose of 8.5 Gy, where no response was observed for the other endpoints (Figure 3.20, right). For
higher doses, different volumes and areas outside the radiation field, the vascular damage was increased
to the same severity.
Chronic effects, 42 weeks after irradiation
Fibrosis and inflammation are chronic effects of radiation-induced damage to the lung, observable 42
weeks (10 months) post irradiation (Figure 3.22). The mean values of the scores were plotted for the
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Figure 3.20 Morphological alterations in the acute phase after irradiation with carbon ions. Raw
scores for all slices are shown for fibrosis (top), parenchymal inflammation (left) and fibrosis (right).
Results are separated between irradiated (‘in-field’) and shielded (‘out-of-field’) areas for each endpoint.
Horizontal lines indicate mean scores. 5 animals were analyzed per dose/volume combination.
sake of visual clarity, although this is not desirable from a statistical point of view.6 A clear sigmoidal
dose response of the mean scores for fibrosis (A) and parenchymal inflammation (B) can be observed.
Irradiation volumes of these endpoints do not play a role in the dose response during the chronic phase,
as the scores for 100% and 50% volumes did not differ significantly between doses.7 The fibrosis scores
increase for carbon ions at a lower dose than for protons. If the data points of both radiation volumes
are combined and Formula 3.1 is fitted against these data, the ED50 is for carbon ions lower than
for protons. The maximum values of the scores did not vary significantly between radiation qualities
for each endpoint, indicating that carbon ions and protons elicit equally strong late effects at higher
doses. For fibrosis, this was confirmed by quantifying the fibrotic area using an automated approach
(Figure B.3). Carbon ions and protons did not induce a significantly different fibrotic area, but were
significantly increased compared to control tissue (p < 0.001). For chronic inflammation, macrophages
were quantified in order to confirm the similar severity of proton and carbon ion irradiation (see section
3.4.1, p. 62).
Vascular damage was detected even in unirradiated animals after 42 weeks, which accounts for the
increased score. For carbon ions (Figure 3.21, panel A), no clear dose response of the scores can be
observed and the scores of irradiated animals do not differ significantly from those of control animals.
6The raw scores can be found in the appendix (Tables B.5–B.6, p. 113f.).
7confirmed by results from S. van der Veen (UMCG), personal communication
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For protons (Figure 3.21, panel B), the mean scores suggest a dose dependence, but the scores are
again not significantly different from those of the control animals. A comparison between radiation
qualities is not possible and therefore the NTCP was not calculated for vascular damage occurring in
the chronic phase.
Figure 3.21 Mean scores of vascular damage as a function of the physical dose of carbon ions (A) or
protons (B), 42 weeks post irradiation. Data are separated between irradiated volumes (100%, closed
circles; 50%, open circles). Raw data are printed in the appendix (Table B.7, p. 115).
In order to determine the NTCP for histological features, an arbitrary threshold for a responding
animal was defined according to the procedure described in section 3.2.5. The thresholds were set
to 0.75 and 1.00 for fibrosis and parenchymal inflammation, respectively, which are based on the
half-maximum average score.
The NTCP for fibrosis is following a sigmoidal response curve (Figure 3.23A). For carbon ions and
protons, ED50 values of 12.6 Gy and 16.0 Gy were determined, respectively. The ED50 for fibrosis is
lower for carbon ions than for protons, corresponding to an RBE of 1.3, which is comparable to the
RBE values calculated for the BR.
As the NTCP for fibrosis, the NTCP for parenchymal inflammation is following a sigmoidal dose
response (Figure 3.23B). The ED50 values for chronic parenchymal inflammation are 13.6 Gy and 15.0
Gy, respectively, which corresponds to an RBE of 1.1. The log-likelihood landscapes calculated for the
fits indicate that for fibrosis, the difference between the dose response curves of protons and carbon
ions is significant, which is not the case for inflammation (Figure B.2, p. 117).
In sum, fibrosis is the only late effect which was found to be dependent on the radiation quality.
Both the scores and the NTCP indicate an onset of fibrosis at lower doses of carbon ions than of
protons, with an RBE of 1.3. Parenchymal inflammation scores and NTCP are clearly dependent on
the radiation dose, but not on the radiation quality. Vascular damage was not found to be clearly
dependent on the radiation dose, albeit with a tendency towards higher scores in animals which received
a higher dose of protons (summarized in Table 3.2).
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Figure 3.22 Determination of binarization threshold. Mean scores and the model fit are plotted.
Mean scores for fibrosis (A) and parenchymal inflammation (B) are plotted as a function of the
physical dose (carbon ions, red; protons, black), 42 weeks post irradiation. Data are separated between
irradiated volumes (100%, closed; 50%, open), model was fitted to combined volumes. Thresholds for
responders were set based on the half-maximum score to 0.75 and 1.00 for fibrosis and parenchymal
inflammation, respectively. Raw data are printed in the appendix (Tables B.5–B.6, p. 113f.).
Figure 3.23 Calculation of the NTCP for fibrosis and parenchymal inflammation. Responding
fraction of animals is plotted as a function of the physical dose (carbon ions, red; protons, black) for
fibrosis (A) or parenchymal inflammation (B). Data are separated between irradiated volumes (100%,
closed; 50%, open), model was fitted to combined volumes.
Table 3.2 ED50 values and corresponding RBEs for chronic effects
Endpoint ED50(C-ions) ED50(protons) RBE
Fibrosis 12.6 Gy 16.0 Gy 1.3
Parenchymal inflammationa 13.6 Gy 15.0 Gy 1.1
Vascular damageb — — —
a Difference between curves not significant
b No dose response
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3.4 Results: Radiation-induced molecular changes
In the previous section, differences between carbon ion and proton irradiation in inducing normal tissue
damage in the lung were demonstrated. However, the pathogenic mechanisms of lung fibrosis after
radiation exposure are not well investigated. The investigation focused on three distinct mechanisms.
First, the presence and distribution of macrophages was assessed, which are known to release pro-
fibrogenic cytokines after irradiation. Afterwards, the relevance of two pro-fibrogenic processes,
epithelial-to-mesenchymal transition (EMT) and fibrocyte invasion, was assessed for radiation-induced
fibrosis.
3.4.1 Macrophage infiltration after carbon ion or proton irradiation
In order to substantiate the observations made using the scorings, immunofluorescent stainings were
performed. ED1 is an established marker for monocytes and macrophages [140] and was used in
this study to assess acute and chronic parenchymal inflammation. For assessment of parenchymal
inflammation in rat lung tissue, slides were analyzed using automated image segmentation. Furthermore,
a new approach of representing the spatial distribution of segmentation results was implemented in
order to show the localization of macrophages in tissue.
The severity of radiation-induced chronic inflammation is not influenced by the
radiation quality
Lung samples from animals irradiated with 18 Gy carbon ions or protons at a 50% lung volume were
stained for ED1. This dose was chosen because it allowed for the direct comparison of radiation
qualities at the same physical dose. Furthermore, since only half of the lung volume was irradiated,
the inflammatory response in the shielded areas could be investigated. The choice of two time points
additionally allowed for a comparison between the acute and chronic phase of the inflammatory response
at the same dose.
Figure 3.24 Percentage of ED1+ cells after irradiation with carbon ions or protons 8 weeks (early) or
42 weeks (late) after irradiation of 50% of the lungs. Early samples are separated between irradiated
and shielded parts. At least 3 lungs were analyzed per dose and time point, and 40 images were taken
per tissue slice. Stainings with omitted primary antibody showed < 0.7% positive cells. Error bars
show SD.
In unirradiated animals, 9± 2% of the cells found in tissue were positive for ED1. Most of these
cells are found within the interalveolar space (Figure 3.29, p. 68). The percentage of ED1+ cells
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after irradiation is dependent on the time after irradiation and the radiation field. After receiving a
dose of 18 Gy protons to 50% of the lung, the percentage of ED1+ cells was significantly increased
(p < 0.001) in the irradiated parts of the lung to 30± 5%. Strikingly, the percentage of ED1+ cells was
not significantly increased in the shielded parts of the lung compared to unirradiated animals. This
clearly contradicts the scoring, which also showed inflammatory cells in the shielded lung parts. The
percentage of macrophages after proton irradiation was not significantly different from carbon ion
irradiation in both irradiated and shielded lung parts.
After 42 weeks, irradiated animals still have a significantly increased percentage of ED1+ cells
compared to control animals (p < 0.001), but the percentage is lower than during the acute phase
8 weeks post irradiation. Irradiation with 18 Gy carbon ions leads to the same percentage of ED1+
cells compared to the same dose of protons (20± 8% and 17± 6%, respectively, not significant). The
standard deviation is after 42 weeks higher than after 8 weeks, indicating a higher variation of ED1+
cell percentages in the chronic phase. In conclusion, these results are in good agreement with the
results of the scoring in showing that carbon ions and protons do not have differential effects in the
magnitude of chronic inflammation (Figure 3.22). For this reason, subsequent analyses of macrophage
count and distribution do not separate between the radiation qualities, unless stated otherwise.
The radiation field determines the localization of the macrophages
Clearly, macrophage percentages are still increased in the chronic phase. Together with the large
error bars, this motivates a more detailed investigation of the inflammatory response. Two hypotheses
come to mind: on the one hand, this result—specifically the large error bars—could simply reflect
experimental error such as an imprecise separation of irradiated and shielded lung parts. On the other
hand, this effect could be of true mechanistic nature, reflected by a different distribution of macrophages
across the lung in the acute pneumonitic compared to the chronic fibrotic phase. Additional spatial
information would provide the localization of the macrophages within tissue and thus a more detailed
picture of the inflammatory response. In a new approach developed in this thesis, subsequently referred
to as whole-slice scan, the segmentation result is mapped to a color and to the position on the tissue
slice. This allows for the visualization of the presence of a certain cell type on the macroscopic level.
In Figure 3.25, 5 whole-slice scans are depicted in order to demonstrate the variability of the
distribution of ED1+ cells. The control animal (Panel A, Figure 3.25) demonstrates low macrophage
numbers and evenly distributed cells, as indicated by the blue color across the slice and the low
standard deviation. Panel B depicts a slice from an irradiated animal8 8 weeks after irradiation with
18 Gy. The average ED1+ cell number is increased and the ED1+ cells are spread across the whole
slice evenly, as indicated by the green color across the slice. Panel Cleft (Figure 3.25) represents the
status again 8 weeks post irradiation, but in a different animal. Interestingly, the slice is only half
populated with ED1+ cells (sharp border between green and blue areas, black line), despite being in
an irradiated area of the lung. Therefore, the macrophage distributions in Panel B (Figure 3.25) and
Cleft clearly differ, although both slices were obtained after 8 weeks from irradiated lung parts. Similar
observations can be made for samples obtained after 42 weeks. In the slice depicted in Panel D, the
ED1+ cells are distributed evenly, while the slice in Panel E (Figure 3.25) again shows a very uneven
distribution of ED1+ cells (margin indicated by black line). The right slice in Panel C (Figure 3.25),
which is known to be in a shielded area, strikingly shows no increased macrophage numbers compared
to the control animal, which speaks against an infiltration of macrophages in shielded parts.
It is notable that increased macrophage counts in Panels Cleft and E are found only within one
half of the slice, clearly separated from the other half. Serial sections stained with hematoxylin-eosin
confirm the presence of inflammatory cells in whole-slice scan areas showing a high percentage of
ED1+ cells for specimens obtained 8 weeks post irradiation (Figure 3.26; black arrows, images 2, 4,
8All information on the position of a slice are based on the dissection protocol.
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Figure 3.25 Representative whole-slice scans showing distribution of ED1+ cells. Colors are mapped
to the number of ED1+ cells in percent of all cells. All information on the position of a slice are
based on the dissection protocol. Top: Control animal. Middle row: 18 Gy protons, 8 weeks post
irr. Bottom row: 18 Gy protons, 42 weeks post irr. Inset numbers indicate areas in corresponding
hematoxylin-eosin stained parallel samples shown in Figure 3.26. Black line in image indicate possible
border of radiation field. Black and grey lines in legend indicate mean ± SD. Scale bar: 1 mm






Figure 3.26 Representative areas of the whole-slice-scans depicted in Figure 3.25. The areas indicated
in the whole-slice-scans are shown in serial sections stained with hematoxylin-eosin. For orientation,
insets show corresponding whole-slice-scan. Black arrows indicate inflammatory cells, asterisks indicate
fibrotic foci. 20× objective, scale bar: 100 µm.
7, 9). For the samples obtained 42 weeks post irradiation, a high percentage of ED1+ cells is found
predominantly in fibrotic areas (asterisks, images 6 and 9).
Taken together, the whole-slice scans indicate that the distribution of macrophages across a slice is
not specific to the acute or chronic phase. Instead, the distribution is rather arbitrary. An accidental
mixing of irradiated and shielded lung parts could explain the sharp boundaries between areas of low
and high macrophage infiltration. For orientation, the ‘shielded parts due to imprecise cutting’ are
indicated in the whole-slice scans. If the hypothesis that the uneven distribution of macrophages is a
result of imprecise cutting is correct, then those animals with fully irradiated lungs (100% irradiation
volume) should show a very even distribution. Indeed, as Figure B.4 (p. 119) demonstrates, this is the
case.
Despite the clear result, the shown whole-slice scans are of representative nature and the two
hypotheses—phase-dependent distribution of macrophages vs. accidental mixing of irradiated and
shielded areas—therefore need to be supported by statistics. The generation of whole-slice scans uses
a lot of resources and this technique was therefore used only for a few slices. However, many more
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tissue slices have been analyzed in order to generate Figure 3.24 using the conventional method, but
without spatial information, which would have been beneficial to prove either hypothesis. The lack of
spatial information can be in part compensated by the standard deviation (SD) of ED1+ percentages
in a single tissue slice, which serves as a rough estimator of how evenly ED1+ cells are distributed: the
more evenly the ED1+ cells are distributed across a slice, the lower should the SD be. If for each of the
slices analyzed for Figure 3.24 the SD of the macrophage percentage is calculated, above mentioned
hypotheses can be addressed. If the large variations seen in the whole-slice scans are only due to an
accidental mixing of shielded and irradiated areas, there should not be a significant difference between
the SDs of the acute and chronic phase, because the uneven distribution of macrophages occurs in
both phases. If, on the other hand, there is a phase-dependent difference in macrophage infiltration,
the SDs of the acute and chronic phases should significantly differ from each other. Although such an
analysis is not a definitive proof, it can support an interpretation of the results.




















Figure 3.27 Standard deviations of macrophage percentages during the acute (8 weeks) and chronic
(42 weeks) phases of inflammation. Animals irradiated with 18 Gy Carbon ions or protons were taken
into account. Boxes indicate median and SD, whiskers indicate 95% CI, crosses indicate mean.
The SDs of ED1+ cell distribution 8 weeks post irradiation are not significantly increased compared
to unirradiated samples (One-way ANOVA; Figure 3.27), which indicates that ED1+ cell distributions
are as evenly spread during the acute inflammatory phase as in control animals, despite the higher
number of ED1+ cells in tissue. The SDs in animals sacrificed 42 weeks post irradiation are significantly
increased compared to the control animals (p < 0.001). During the chronic phase of inflammation,
the ED1+ cells are therefore spread more unevenly across the lung. Most importantly, the SDs of the
chronic phase are not significantly different from the acute phase. A One-way ANOVA test returns
p = 0.055, which borders on statistical significance. It has to be noted that the sample size for the
acute phase is quite low (n = 10), because fewer animals were sacrificed during the acute phase. The
robustness of the test is therefore not appropriate. It can be concluded that the currently available
data support the hypothesis that the distribution of the macrophages is due to imprecise cutting rather
than a physiological effect related to the inflammatory phase.
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Macrophages are spatially associated with FSP1+ cells
The macroscopic investigation using whole-slice scans indicates that the majority of macrophages
is located in fibrotic areas (42 weeks post irradiation), or located in irradiated areas (8 weeks post
irradiation) which can later become fibrotic. For this reason it is of interest whether the number of
macrophages present in a certain area determines the number of fibroblasts in the same area, which
should be increased in a fibrotic area. Such a correlation, especially when found in the chronic phase,
would hint at macrophages taking part in the fibrotic response and has been proposed before [88]. Due
to the large file size, it is at present not possible to acquire and process whole-slice-scans with more
than two fluorescence channels. Despite the lack of spatial information, it can be investigated whether
the number of macrophages correlates with the number of fibroblasts in the same image—hence in the
same area unit—using the regular image acquisition method.
Figure 3.28 Spatial correlation of macrophages (ED1+ FSP1−) with fibroblasts (ED1− FSP1+) in
unirradiated or irradiated animals at different time points after irradiation. Each data point represents
the number of detected cells per image (A = 1.206 mm2), normalized to 1 mm2. Solid and dashed lines
represent linear regression ±95% confidence limits. For this analysis all available data was grouped,
regardless of the radiation quality. Red boxes in panels B and C indicate areas with > 150 ED1+ and
> 50 FSP1+ cells per mm2.
The number of fibroblasts (ED1− FSP1+) per image was plotted as a function of the number
of macrophages (ED1+ FSP1−) in the same image, normalized to 1 mm2, which in the case of an
association of both cell types would result in a linear correlation (Figure 3.28). The Pearson’s R and
the R2 values were 0.42 and 0.17 for all samples9, respectively. The number of macrophages per mm2
is therefore only weakly correlated with the number of fibroblasts in the same field of view. However,
by eye a tendency is visible indicating that for macrophage numbers > 150, only FSP1+ cell numbers
> 50 occur (red boxes, Figure 3.28B and C). Although a clear statistical correlation is absent, a trend
towards an association of macrophages with fibroblasts in areas of high macrophage infiltration can be
found.
A subpopulation of alveolar macrophages expresses FSP1
During the previously described experiments investigating the association of ED1+ cells with FSP1+
cells, a subpopulation of alveolar macrophages clearly expressing the fibroblast marker FSP1 was
9Control 42 weeks: Pearson’s R = 0.52 and R2 = 0.27
68 LATE EFFECTS OF CARBON ION AND PROTON IRRADIATION IN THE RAT LUNG 3.4
discovered (Figure 3.29). The macrophages express FSP1 in a binary fashion: within the cluster
of alveolar macrophages in the alveolus, FSP1+ macrophages are direcly located next to FSP1−
macrophages. Because this phenomenon is unreported for alveolar macrophages, it was investigated





Figure 3.29 Confocal immunofluorescence image of FSP1+ macrophages. ED1 (green) and FSP1
(red) were double-labeled in an irradiated animal (18 Gy carbon ions, 42 weeks post irradiation). Single
(green arrow) and double-labeled (orange arrow) macrophages are indicated. Confocal image, 20×
objective. Scale bar 20µm
The number of FSP1 positive macrophages in percent of all cells (Figure 3.30A) is lower than
the number of all macrophages in percent of all cells (Figure 3.24). The pattern of the macrophage
counts over the dose is also comparable; unirradiated animals have a very low percentage of FSP1+
macrophages, irradiated parts a higher percentage, and shielded parts again a percentage comparable
to unirradiated parts.
The next question therefore was how many of the macrophages are positive for FSP1 and if this
percentage changes after radiation exposure, which would indicate a change within the macrophage
subpopulations. The percentage of FSP1+ macrophages within the macrophage population is between
30–50% (Figure 3.30B). This percentage does not change after irradiation or at different time points,
which shows that this specific subpopulation is not influenced by ionizing radiation at the tested time
points and doses.
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Figure 3.30 Number of FSP1+ macrophages in percent of all cells (A) or all macrophages (B) for
different radiation qualities. 50% of the lungs were irradiated. Early samples are separated between
irradiated and shielded parts. At least 3 lungs were analyzed per dose and time point. Error bars show
SD.
Summary
By studying the macrophage infiltration, which is a part of the radiation-induced acute and chronic
inflammatory responses, it was shown that
a. nearly 10% of the cells found in an unirradiated rat lung are positive for ED1, which is an established
marker for macrophages and monocytes.
b. this percentage is 3× increased in irradiated parts of the lung 8 weeks after irradiation. In shielded
parts, however, the percentage of macrophages remains at the level of control animals. The
percentage of macrophages in irradiated parts is not significantly different between irradiation with
carbon ions and protons.
c. the percentage of macrophages is still 2× increased 42 weeks after irradiation, pointing towards a
chronic inflammation. Again, there are no significant differences between radiation qualities.
d. macrophages are unevenly distributed across the tissue, showing sharp boundaries between areas
of high and low macrophage percentages. Applying a statistical approach, this observation can at
present not be related to the acute or chronic phase of the inflammatory response, but this is likely
a result of uncertainties during sample preparation leading to irradiated and shielded parts being
mixed within one tissue slice.
e. macrophages are spatially associated to FSP1+ cells—which are likely fibroblasts—in areas of high
macrophage infiltration. This finding supports the observation from the whole-slice-scans that
macrophages reside in fibrotic areas.
f. a subpopulation of macrophages expresses FSP1, which is unreported in literature for alveolar
macrophages. Nevertheless, the percentage of macrophages positive for FSP1 is not influenced by
ionizing radiation.
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3.4.2 Epithelial-to-mesenchymal transition is not a relevant process in late
pulmonary fibrosis
During Epithelial-to-mesenchymal transition (EMT) epithelial cells undergo a transition to fibroblast-
like cells, which are highly motile and show proliferative capacity. EMT is a proposed, mechanism for
the pathogenesis of pulmonary fibrosis, but has so far only been investigated in Bleomycin-induced
fibrosis models. Therefore, the relevance of EMT as a pathogenic mechanism after exposure to
ionizing radiation was investigated. First, markers for EMT were established in vitro using human
lung carcinoma cells (A549), because this cell line is known to undergo an EMT-like transition after
exposure to radiation or TGF-β. However, not all markers reported in literature have so far been
tested on this cell line or after irradiation. Afterwards, selected markers were investigated in vivo in
cryosections of irradiated rat lungs.
Establishment of EMT markers in vitro
As mentioned in the introduction, the typical hallmarks of EMT can be investigated on all levels, from
the morphology down to the gene expression. EMT is the result of drastic changes in the morphology,
which themselves result from multiple gene activations [108]. A clear marker for EMT is to date not
established. However, a marker clearly accompanying EMT is for example the translocation of Smad
proteins and the expression of FSP1, TWIST, Slug and Collagen 1A [108].
EMT in A549 cells was induced by irradiation with high doses (≥ 6 Gy) of X-rays or carbon
ions. 5 d post irradiation, cells were confirmed by light microscopy to have undergone morphological
changes, and by fluorescence microscopy changes in the expression of E-cadherin and FSP1 were
assessed. E-cadherin appeared by eye downregulated 5 d after radiation exposure (Figure 3.31), but
initial tests with flow cytometry did not indicate a reduction of the fluorescence intensity, possibly
because E-cadherin is internalized, but not downregulated (not shown). FSP1 was dose-dependently
upregulated (Figure 3.31). EMT-related markers and transcription factors were then tested with this
model in order to find an appropriate marker.
Table 3.3 Changes in protein expression of EMT
markers in A549 cells 5 d after exposure to 15 Gy
X-rays
Marker Irradiation Comment
αSMA → Staining ambiguous
Collagen 1A ↑
E-cadherin → / ↓ Possibly internalized
FSP1 ↑
Slug ↑ Nuclear staining
Smad2/3 ↑ Nuclear translocation
Snail →
TWIST ↑ Nuclear staining
→ no change after irradiation, ↑ upregulation,
↓ downregulation
Except for α-Smooth Muscle Actin and Snail, all tested markers showed a clear change 5 d after
exposure to 15 Gy X-rays and carbon ions (Table 3.3). Carbon ions were a more potent inducer of
EMT than X-rays at intermediate doses of 6 Gy (not shown). Since Slug and TWIST were upregulated
in cells which underwent EMT, these markers were used to find indications for EMT in vivo.
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Figure 3.31 Immunofluorescent stainings of EMT markers in A549 cells 5 d after exposure to 0, 6
or 15 Gy X-rays. E-cadherin (green) and FSP1 (red) were double-stained. 20× objective. Scale bar:
100 µm
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EMT markers in rat lung tissue
Figure 3.32 Number of TWIST+ nu-
clei in lung tissue irradiated with 18 Gy
carbon ions. N = 1; 10 images, contain-
ing 795 (ctrl.) and 2175 (irr.) nuclei
were analyzed. Error bars show SD be-
tween images.
Several of the above mentioned markers cannot be used in
vivo, because some of them are either expressed abundantly
in fibrotic areas of the tissue (Collagen 1A) or are typical
markers for a specific cell type (E-cadherin for epithelial cells,
αSMA for smooth muscle cells), which are all present in
the tissue. In initial experiments, no double-labeled cells (E-
cad+Col1A+ or E-cad+αSMA+) for these markers were found
in irradiated lung tissue 42 weeks post irradiation, although
single-labeled cells were abundant in fibrotic foci (Col1A+)
and respiratory epithelium (E-cad+) (not shown). FSP1
could be stained in paraffin-embedded rat lung slices and
was highly abundant in fibrotic areas of irradiated animals
42 weeks post irradiation, but although proposed, a clear
connection of FSP1 expression in the lung and EMT has not
been proven to date. For these reasons, the presence of more
EMT-related markers such as Slug and TWIST were tested.
Because both markers did not stain in paraffin-embedded
samples, cryosections were prepared. It has to be noted that
cryosections were only available for one unirradiated an one
irradiated (18 Gy carbon ions, 50% field) animal, the results
might therefore not be representative.
If EMT was occurring post irradiation, a higher percent-
age of Slug- or TWIST-positive nuclei would be expected
in irradiated tissue. Almost all nuclei were positive for Slug
in both irradiated and unirradiated animals (Figure 3.33),
which excludes Slug as a marker for EMT in lung tissue. In contrast, only single nuclei were positive
for TWIST in both samples, and by eye TWIST-positive nuclei appeared to be more abundant in
irradiated tissue. As demonstrated in Figure 3.32, the control and the irradiated animal showed 8% and
12% TWIST-positive nuclei, respectively. However, the radiation effect was not significant (p > 0.05).
From the currently available data it can be concluded that EMT does not play a role as a profibrotic
mechanism during the chronic phase of radiation injury.
3.4.3 No indications for the presence of bone-marrow derived fibrocytes in the
irradiated lung
Next to EMT, the invasion and subsequent proliferation of bone-marrow derived fibrocytes (BM
fibrocytes) is discussed as a process relevant in the development of lung fibrosis. The invasion of
BM fibrocytes into the lung in response to X-irradiation has been proven before. Here, experiments
were performed to assess whether BM fibrocytes are of importance within the scope of carbon ion
induced pulmonary fibrosis, and if fibrocytes can still be found in the chronic phase of the radiation
response. Fibrocytes coexpress Collagen 1A (Col1A) and CD45, which are markers of mesenchymal
cells and leukocytes, respectively. After irradiation, increased numbers of Col1A+CD45+ cells are
expected in case of fibrocyte invasion. Because CD45 does not stain properly in paraffin-embedded
tissue, cryosections were stained for one unirradiated and one irradiated animal (18 Gy, carbon ions,
42 weeks post irradiation).
In the unirradiated animal, no CD45+, Col1A+ or double-labeled cells were observed. This is
expected because normal lung tissue should neither contain many immune cells (CD45+), nor fibrotic
areas (Col1A+) (Figure 3.34, left column). In contrast, irradiated tissue demonstrates an increased
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Figure 3.33 Confocal immunofluorescence image of TWIST (green) and Slug (red) in lung cryosections.
Left: unirradiated animal; right: 18 Gy carbon ions. White arrows indicate TWIST positive nuclei.
Scale bar: 50µm
presence of CD45+ cells (Figure 3.34, right column), and also Col1A+ areas. No clearly double-labeled
cells were found by screening the entire tissue slice, which would have indicated the presence of BM
fibrocytes. It was concluded that BM fibrocytes are not present in irradiated tissue 42 weeks after
radiation exposure.
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Figure 3.34 Representative confocal immunofluorescence image of CD45 (green) and Col1A (red)
in lung cryosections. Left column: unirradiated animal; right column: 18 Gy carbon ions, 42 weeks
post irradiation. Dashed boxes indicate magnifications shown below. CD45+ cells are observed in




Carbon ions and protons find increasing application in modern radiotherapy [2, 141]. Technologies
required for irradiation of moving targets such as the lung are currently under development [13].
Selection of the appropriate radiation qualities for therapy—for example protons or carbon ions—
requires knowledge about the development of radiation-induced normal tissue damage, which comprises
parenchymal inflammation, vascular damage and fibrosis. For therapy, the probability of normal tissue
damage induction has to be weighted against the efficacy of tumor inactivation. To date, it is not
quantitatively established how carbon ions and protons compare in the triggering of normal tissue
damage in the lung, which is due to the lack of comparable functional and histological data for both
radiation qualities. The aim of this thesis was to conduct a comparative investigation of the normal
tissue damage elicited by carbon ions and protons in the lung, and thus provide first information
necessary to choose the appropriate radiation quality for therapy.
The primary datasets are records of the breathing rates (BR) of animals irradiated with carbon
ions10 and protons11, which represents the clinical endpoint, as the BR is a non-invasive estimator for
lung function. Based on the BR, the normal tissue complication probability (NTCP) as a function of
the physical dose was determined, from which the dose at the half-maximum response (ED50) and the
relative biological effectiveness (RBE) of protons and carbon ions were calculated.
The investigation continued with an analysis12 of the damage on the histological level in the acute,
but predominantly in the chronic phase (42 weeks post irradiation), of which in particular fibrosis,
parenchymal inflammation and vascular damage was taken into account. From these data, again the
NTCP, ED50 and RBE were calculated for carbon ions and protons.
In order to substantiate the results obtained for the functional and histological endpoints, some
of the underlying putative mechanisms of the histologically observed normal tissue damage were
investigated. For this purpose, a protocol for staining formalin-fixed, paraffin-embedded lung tissue
for use in fluorescence microscopy was established. In order to facilitate the data acquisition and to
increase objectivity of the subsequent analysis, automated image segmentation was established using an
open source software [137]. The development of whole-slice scans allowed for the spatial representation
of microscopic segmentation results on a macroscopic level.
With these techniques at hand, the spatial distribution of macrophages and their colocalization with
fibroblasts during the acute and chronic responses was investigated, because several studies suggest
that macrophages trigger fibrosis through the release of cytokines (reviewed in [88]). Furthermore, the
relevance of mechanisms leading to the high abundance of fibroblasts in fibrotic areas were investigated,
specifically epithelial-to-mesenchymal transition (EMT), and the invasion of bone-marrow derived
fibroblast precursor cells, so called fibrocytes.
3.5.1 Lung function after irradiation with carbon ions, protons and photons
The BR is a widely used non-specific parameter for lung function in rodent models [128,130,142–146].
BR measurements are non-invasive and non-lethal, allowing for a tracking of the BR over a long period
of time. In general, an increase of the BR is a compensatory reaction to a reduced oxygen uptake,
which can be the result of several morphological and physiological changes. Radiation-induced raise of
the BR during the acute phase was classically attributed to pneumonitis-related dyspnea [142,146].
However, recent studies revealed that radiation-induced pulmonary artery hypertension (PAH), induced
by damage to the vasculature, directly correlates with the BR [25]. This effect was explained with a
10Irradiated at GSI, housed and processed in Groningen
11Previous, partly unpublished studies conducted in Groningen and reanalyzed in this thesis
12Cutting and staining of carbon ion- and proton-irradiated lung tissue; scoring and analysis of normal tissue damage
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reduced perfusion of the lung, leading to a reduced oxygen uptake. In the chronic phase, an increase of
the BR can be attributed to fibrosis, which can greatly reduce lung capacity.
The volume-dependent response is a common phenomenon known from lung irradiation13 of
patients [147,148] and animals [129,146,149]. A low dose of X-rays administered to a large volume
leads a distinct maximum between 6–12 weeks after irradiation, after which the BR sharply decreases
to control level (Figure 3.16, p. 54). This distinct maximum cannot be observed when a high dose of
X-rays is administered to only 50% of the lung; instead the BR increases slowly and remains elevated.
The reason for the volume-dependent development is the functional reserve in the shielded parts of the
lung available to the exposed animal or individual. The shielded lung parts perform normally and
allow the animal to breathe even with very pronounced damage localized within the irradiated areas.
The very same volume-dependent developments of the BR can also be observed in animals irradiated
with carbon ions (Figure 3.16, p. 54). Hence, it can be concluded that the same mechanisms underlying
the increased BR after X-ray irradiation also occur after irradiation with carbon ions. The volume-
dependent effect of carbon ions is reflected by the lower ED50 values after irradiation of 100% of the
lung to 50% of the lung (Figure 3.17, p. 55). The ED50 of carbon ions is lower than protons in 3 of 4
endpoints, which provides for lung first evidence that irradiation with carbon ions induces damage to
normal tissue at lower physical doses than irradiation with protons. A striking example for a different
response to carbon ions compared to protons was found during the chronic phase after irradiation of
100% lung volume: a few animals irradiated with carbon ions showed a significant increase of the BR,
while none of the animals irradiated with protons responded. This finding implies that carbon ions can
elicit a response that is unexpected for commonly used radiation qualities such as photons and protons.
However, it has to be noted that more than 60% of the animals having received a dose of carbon ions to
100% lung volume died or had to be terminated due to weight loss, which greatly reduced the sample
size in the chronic phase.14 The weight loss is likely an effect of radiation damage to the esophagus,
which is in the radiation field for 100% lung irradiation and represents a very radiosensitive organ [4].
The RBE of 1.3 calculated in the results section was determined with protons as the reference
radiation quality, but it is convention to use photons. In the study of Novakova-Jiresova et
al. [146], rats of the same strain were irradiated with photons and BRs were measured with the same
experimental setup used for the carbon ion experiments from this study, allowing for a comparison of
carbon ions and photons. The ED50 values from [146] and this project, together with the calculated
RBE, are compared in Table 3.4.
Table 3.4 Comparison of carbon ion (C) and proton (p) ED50 values calculated herein with
photon (X) data from Novakova-Jiresova et al. [146]
Time frame Volume ED50(X) ED50(p) ED50(C) RBEX/p RBEX/C RBEp/C
acute phase 50% 18.9 Gy 18.9 Gy 14.8 Gy 1.0 1.3 1.3
100% 10.7 Gy 11.9 Gy 9.5 Gy 0.9 1.1 1.3
chronic phase 50% 19.1 Gy 19.0 Gy 13.8 Gy 1.0 1.4 1.4
100% — — — — — —
The ED50 values of protons and photons are comparable, resulting in an RBEX/p of around 1.0, which
is in accordance with the clinically used RBE of 1.1. The RBEX/C calculated based on the results
presented here and those from Novakova-Jiresova and co-workers is 1.3 for most of the endpoints,
except for 100% irradiated lung volume during the acute phase (RBE 1.1). This is the first study
13“a lot [high dose] to a little [small volume] is tolerated better than a little [low dose] to a lot [large volume]” [147,148]
14H. Faber (UMCG), personal communication
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determining an RBE for normal tissue damage in the lung, therefore no literature is available for direct
comparison. However, studies have been conducted to determine the effect of carbon ion irradiation
on spinal cord injury, which leads to paralysis [150,151]. Although the resulting RBEX/C of 1.3 was
determined for a different organ and a different endpoint, these studies indicate that an RBE of 1.3
found for lung damage is not exceptionally high.
3.5.2 Morphological alterations after irradiation with carbon ions and protons
For carbon ions, samples from 8 h, 8 weeks and 42 weeks post irradiation were available. For 8 h and
8 weeks after irradidation, only two doses and two volumes were tested. The samples obtained 8 h post
irradiation did not present any microscopically visible alteration in comparison to unirradiated animals.
This is in accordance with earlier studies on X-irradiated animals, which found morphological alterations
only on the ultrastructural level during the same time frame [80]. For later time points, Travis and
Tucker described two phases after X-irradiation which are distinct in their morphology. The acute
phase is marked by a severe infiltration of inflammatory cells, whereas the chronic phase comprises
fibrosis [70]. The morphological alterations found in this thesis after carbon ion irradiation are in
complete agreement with Travis and Tucker, and for proton irradiation also with others [25, 26, 84].
During the acute phase (8 weeks post irradiation, Figure 3.20, p. 59), fibrosis was observed only
sporadically, which is expected because the development of fibrosis has not yet begun or is just beginning
at that time. The increment of the fibrosis scores was not significant, which is in accordance with
published data for protons in the same model system [25,26,84]. In contrast, parenchymal inflammation
was scored higher in irradiated animals, which is also expected and was considered as a hallmark of
the acute phase [25, 26, 84, 152]. Unfortunately, the unirradiated animals also presented increased
scores for parenchymal inflammation, which is likely the result of an infection; animals exposure to
8.5 Gy presented an average score close to 0, which is lower compared to the unirradiated animals.
The difference between different doses and different volumes was not significant, which indicates that
the maximum level was already reached and the ED50 is below the tested doses. There was also no
significant difference between irradiated and shielded areas, which shows that also carbon ion irradiation
can elicit inflammation in non-irradiated lung parts. This effect is likely a physiological effect, because
the dose delivered by stray radiation is negligible [153]. Vascular damage was very pronounced after
radiation exposure. As for parenchymal inflammation, there was no significant difference between doses
and volumes, with the only difference that already at a dose of 8.5 Gy vascular damage was observed.
In shielded areas, vascular damage was as severe as in irradiated areas. Ghobadi and co-workers have
demonstrated that damage to the vasculature can translate into damage in the shielded area [25]. This
is likely mediated by hypertension that also affects the blood vessels in the shielded area.
Taken together, the data for morphological alterations obtained during the acute phase are in good
agreement with previously published data on proton irradiation [25,26,84]. In order to provide a more
thorough comparison between carbon ions and protons during the acute phase, the ED50 needs to be
calculated, but due to the few doses tested 8 weeks after irradiation such a calculation is not possible
at present.
In the samples obtained in the chronic phase (42 weeks post irradiation), the only histological
endpoint showing a clear difference between carbon ions and protons in the ED50 values was fibrosis,
from which an RBEp/C of 1.3 was calculated. Due to a change in the dissection protocol, irradiated
and shielded lung parts could not be separated. Chronic parenchymal inflammation showed a radiation
effect, but the dose response curves of carbon ions and protons were not significantly different from each
other (Figure 3.23, p. 61). It is possible that this is due to the coarse scoring scheme and differences
might be observable using more precise methods. Vascular damage, manifested as edema, did not
show a radiation response (Figure 3.21, p. 60). Instead, the vascular damage scores were increased in
unirradiated animals, indicating that rats, at least those of the Wistar strain, develop vascular damage
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over time. It turned out that radiation exposure does not increase the severity of vascular damage
already occurring in aged animals. Therefore, the vascular damage scored in specimens obtained during
the chronic phase cannot be used as an estimator for radiation effects in the chronic phase.
3.5.3 What determines the lower ED50 of carbon ions?
The lower ED50 of carbon ions compared to protons demonstrates that carbon ions are more efficient
in eliciting functional and histological defects. Such an effect, although not very pronounced with
an RBE of 1.3, invites the question of which is the reason behind this difference between the two
qualities of charged particles. To recognize possible ‘points of attack’ of carbon ions that might
lead to their higher efficiency, it is of help to recapitulate the processes leading to the final chronic
phase, for which the hypothesis formulated in Figure 3.7 (p. 39) provides a framework. At first,
there is a primary radiation event which stochastically damages cells, leading to cell death and/or
cytokine release. If cells providing an essential global function are injured, e.g., endothelial cells,
severe macroscopic sequelae will follow. Radiation damage to endothelial cells can lead to edema and
exudation of blood plasma protein from early on [51,154,155]. The initial radiation damage attracts
immune cells such as macrophages, monocytes, granulocytes and T lymphocytes, which will try to
clear the damage. Subsequent release of anti-inflammatory cytokines by these immune cells stimulates
fibroblast proliferation and ECM secretion, leading to the fibrotic phenotype. Correlated with these
morphological alterations, an increase of the BR can be measured.
To begin with the primary radiation event, the severeness of the damage15 inflicted by ionizing
radiation depends on the dose, but also on the radiation quality: for the same dose of charged particles,
the severeness of the damage will increase with the LET. The carbon ions used in this thesis have
an approximately 25× higher LET than the protons; cellular damage inflicted at a given dose of
carbon ions will therefore be much more pronounced than by the same dose of protons. The observed
RBEp/C of 1.3 for the ‘macroscopic’ endpoints is therefore likely an effect of this difference in the LET.
Nevertheless, there must be a target cell type whose injury or death results in macroscopic effects such
as the BR increase. Endothelial cells constitute > 50% of the alveolar cell population [70]. Ghobadi
and coworkers found that injury and loss of endothelial cells following proton irradiation ultimately
leads to pulmonary artery hypertension, which in turn presented a strong correlation with the BR [25].
Next to hypertension, a loss of endothelial cells also leads to an exudation of plasma protein into the
intraalveolar space [51]. Law and coworkers compared the effect of neutrons and X-rays on plasma
exudation in vivo and calculated an RBE of 1.5 [92, 154], which provides evidence of an increased
effectiveness of high-LET in endothelial cell damage. A higher effectivity of carbon ions in eliciting
endothelial cell damage can therefore explain the higher effectivity of carbon ions in increasing the
BR (Figure 3.35). Indeed, in vitro studies on the clonogenic survival of endothelial cells16 suggest an
RBEX/C of 1.6 for an LET similar to the one used in this thesis. However, the in vitro clonogenic
survival can only be seen as a surrogate endpoint for the endothelial cell loss observed in vivo by
Ghobadi et al.
The other 50% of the cell types resident in the alveoli are also subjected to damage, but the extent
of the damage or the existence of any specific target cells next to endothelial cells is unknown. Slauson
et al. proposed an ‘unspecific alveolar injury’ originating from non-endothelial cells [73], and it is
possible that also here the higher LET of carbon ions leads to damage at lower doses compared to
protons. In vitro studies have demonstrated that carbon ions have a higher RBE for cell killing in
several cell types resident in the lung [156–158], but there are no in vivo studies confirming this picture
up to now. Unspecific alveolar damage is thought to lead to parenchymal inflammation through release
of pro-inflammatory cytokines by the injured cells.
15e.g., DNA double strand breaks
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Figure 3.35 Influence of the LET on the outcome of radiation-induced lung injury. The higher
LET (∆LET) leads to cellular injury at lower doses of carbon ions compared to protons or photons.
Damage to endothelial cells, which constitute > 50% of the alveolar cell population [70], induces
macroscopic defects such as increased permeability and increment in the BR. Damage to the other cells
induces an unspecific alveolar injury [73], which in turn elicits an inflammatory response. The invading
inflammatory cells produce cytokines that elicit the development of fibrosis. However, scoring revealed
an RBE of 1.0 for parenchymal inflammation, but an RBE of 1.3 for fibrosis. If fibrosis is an LET-
dependent sequel to inflammation, such an LET-dependence would also be expected for inflammation.
This discrepancy implies a pro-fibrotic pathway which occurs independent from inflammation.
It is interesting that the ED50 of fibrosis, which is regarded as a sequel to parenchymal inflammation,
demonstrates a dependence on the radiation quality (RBE 1.3), whereas the ED50 for parenchymal
inflammation does not (RBE 1.0; Figures 3.22–3.23, p. 61ff.). If parenchymal inflammation, as proposed,
is mechanistically linked to fibrosis, an RBE > 1.0 would be expected for parenchymal inflammation,
which eventually translates into the observed RBE of 1.3 for fibrosis. Two reasons for this discrepancy
come to mind:
a. The scoring system for parenchymal inflammation is too coarse to detect such a fine grained
difference between the radiation qualities, or
b. a radiation effect other than parenchymal inflammation contributes to fibrosis.
The first point cannot be ruled out at the moment, because parenchymal inflammation is more challeng-
ing to score than fibrosis. As seen from the results of the fluorescence analysis, an immunofluorescence
based analysis is much more precise than scoring, because different cell types can be distinguished
(discussed in the following section). To rule out a bias originating from scoring, future studies will inves-
tigate the RBE of parenchymal inflammation more quantitatively. Considering the second point, several
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authors are arguing that inflammation and fibrosis can occur independently from each other [159, 160];
parenchymal inflammation can heal without subsequent fibrosis (at least at low doses) and fibrosis can
occur without preceding inflammation. Finkelstein et al. have demonstrated an increase of TGF-β
gene expression as early as one day post irradiation in the mouse lung, continuing until 14 days post
irradiation [161]. At this time, inflammation is not yet occurring and therefore processes independent
from inflammation might contribute to fibrosis (Figure 3.35). However, a direct influence of different
radiation qualities on an early cytokine release remains to be proven.
3.5.4 Macrophages are confined to irradiated areas during the acute and
chronic phase of the radiation response
As mentioned before, radiation-induced parenchymal inflammation and fibrosis have been discussed as
interconnected events [29,76,77,85,88,98,152]. The notion of the mechanism leading to this connection
is that macrophages invading the lung release anti-inflammatory, but pro-fibrogenic factors such as
TGF-β [86, 88]. TGF-β induces fibroblast proliferation and enhances secretion of extracellular matrix
proteins (ECM), which is regarded as a hallmark of fibrosis [88,89]. Because of the proposed connection
of macrophages to fibrosis, the presence and spatial distribution of macrophages in response to protons
and carbon ions was investigated.
Unirradiated animals present around 10 macrophages per 100 cells in the normal lung parenchyma,
which is in accordance with literature [96,162]. During the acute phase of radiation pneumonitis (8
weeks post irradiation), the number of macrophages per 100 cells increases threefold in comparison to
control animals (18 Gy protons or carbon ions), and in the chronic phase (42 weeks post irradiation) a
two-fold increase was determined. The number of macrophages was in both phases not dependent on
the radiation quality. A study by Fleckenstein and co-workers found an increase of 20-fold 8 weeks
after radiation exposure, and a 25× increase after 26 weeks [162]. The huge difference between the
values found in this thesis and published data cannot solely be attributed to the higher dose, because
above a certain dose no increase in inflammatory cells was scored (Figure 3.22, p. 61). However,
Fleckenstein et al. used the Fischer-344 rat strain that might show an immune response different
from Wistar rats.
The presence of sharp borders between high and low macrophage percentages seen in the whole-
slice scans hints at the radiation field determining the localization of the macrophages. Within the
radiation field, the percentage of macrophages is increased, while in the shielded areas the percentage
of macrophages is comparable to the control animals. Interestingly, this is already the case during the
acute phase, when the development of fibrosis has not yet begun. In the chronic phase, macrophages
were confined to fibrotic areas, as found by comparison with corresponding Hematoxylin-eosin stainings.
This result contrasts the scorings performed in this study and by other groups, which show the presence
of parenchymal inflammation also in shielded areas [25,26,84,144]. An explanation for this discrepancy
is provided by the study of Cappuccini et al. [93], who detected by flow cytometry an infiltration
of not only monocytes,17 but also T lymphocytes and neutrophils in irradiated lung tissue. While
macrophages are confined to irradiated areas, other immune cells might therefore also invade shielded
parts of the lung, where they account for the increased scores. Staining for other immune cell types
and analysis by whole-slice-scans will address this hypothesis in future experiments.
Although not a clear proof, this result supports the proposed model that macrophages take part
in the development of fibrosis [88]. From this point of view, further understanding of the dynamics
of macrophage invasion would be of interest: are macrophages that infiltrate the tissue during acute
radiation pneumonitis residing in the area throughout the chronic phase, or is there a continuous
turn-over of immune cells? If macrophages occupy only irradiated areas relatively early during the
17Monocytes are the precursor cells of macrophages [28].
3.5 DISCUSSION 81
acute phase and continuously perpetuate the development of fibrosis in the same area, the localization
of macrophages could be used as an early predictor for fibrosis after radiation exposure.
FSP1—a novel marker for pro-inflammatory alveolar macrophages?
A first step for further studies on the role of macrophages is the characterization of macrophage subtypes.
Macrophages are able to undergo a switch from a pro-inflammatory to an anti-inflammatory subtype
producing profibrotic cytokines such as TGF-β [163]. During first experiments performed in this study,
alveolar macrophages expressing fibroblast specific protein 1 (FSP1 or S100A4) were discovered. FSP1
has been generally considered as a marker for cell migration in the scope of epithelial-to-mesenchymal
transition (EMT) [110,111] and metastasis [164], which are processes unrelated to macrophages. The
expression of FSP1 by liver and bone marrow macrophages has been reported [112,165], but was shown
for alveolar macrophages for the first time in this thesis. Macrophages express either high protein
levels of FSP1, or none at all (Figure 3.29, p. 68). Li and coworkers [112] found that FSP1-knockout
macrophages are not able to perform chemotaxis, and O¨sterreicher et al. [165] have demonstrated
that FSP1 expressing macrophages coexpress factors characteristic for the pro-inflammatory subtype
of macrophages, such as TNFα, IL-1β, IL-6, CXCL2 and CXCL10. An FSP1 expression in alveolar
macrophages could therefore be a marker for the pro-inflammatory subtype, and it was thus tested
whether the expression of FSP1 by alveolar macrophages changes after radiation exposure.
In the here presented study, the number of FSP1+ macrophages was increased after irradiation, but
the proportion of FSP1 positive macrophages did not change: about 30–40% of all macrophages were
positive for FSP1, regardless of previous irradiation (Figure 3.30, p. 69). Radiation is therefore not
influencing the distribution of the macrophage subpopulations. Preliminary experiments staining for
known markers of pro-inflammatory macrophages did not yield conclusive results so far. Based on these
data, FSP1 expression should be regarded as a general phenomenon in some alveolar macrophages.
3.5.5 Is epithelial-to-mesenchymal transition a relevant profibrogenic process
after lung irradiation?
Epithelial-to-mesenchymal transition (EMT) is a process in which epithelial cells undergo complex
regulatory steps and transform into myofibroblast-like cells. EMT was observed in vitro, for instance
in A549 tumor cells in the scope of this thesis and other studies [166], or in primary human mammary
gland epithelial cells [8]. EMT is known to be an important process during development [100,167], and
also for metastasis [101], because both mechanisms involve migration of cells to distal parts of the
body.
The relevance of EMT for pulmonary fibrosis is controversially discussed. Some authors claim to
provide evidence for EMT contributing to the fibrotic process, but none of the groups investigated EMT
in vivo related to radiation exposure, but rather in the context of diseases such as chronic obstructive
pulmonary disease (COPD) or idiopathic pulmonary fibrosis (IPF) [103–106,168]. In addition, most
groups draw conclusions based on the observation of a colocalization of mesenchymal and epithelial
markers in a tissue section, which cannot be regarded as a clear proof for the occurrence of EMT. FSP1
was proposed as an EMT marker in pulmonary fibrosis, but a clear mechanistic connection to EMT
was never proven [111]. In contrast, a recent study from Rock and coworkers [99] used a transgenic
mouse model to track the faith of different cell types during the development of Bleomycin-induced
fibrosis. In this model, alveolar type II cells, which have been considered as a source of EMT-derived
fibroblasts, express a fluorescent protein which allows for tracking of this cell type. The authors found
that AT2 cells differentiated into alveolar type I (AT1) cells after Bleomycin treatment, but not into
fibroblasts, because no colocalization of the fluorescent protein with stromal markers was observed.
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This result rules out EMT as a mechanism. Other studies are in agreement with the observations of
Rock et al. and could not identify EMT in lung fibrosis either [107].
In the present thesis, it was aimed to assess the relevance of EMT for carbon ion induced fibrosis
in the rat lung in the fibrotic phase. This represents the first attempt to find pulmonary EMT in an
in vivo model after radiation exposure. The investigation is motivated by the longer time frame in
which radiation-induced fibrosis develops compared to bleomycin-induced fibrosis. Bleomycin induces
the full fibrotic phenotype within a month after administration, whereas a comparable development
in a radiation-induced fibrosis model takes more than half a year. In this thesis, FSP1 was found to
be highly expressed in fibrotic areas, but FSP1 is discussed to be a general marker for cell motility,
because knock-down of FSP1 was shown to reduce motility in macrophages and tumor cells [112,169].
However, the markers TWIST and Slug, which have been attributed to the EMT process [103,113,114],
could not be stained in formalin-fixed, paraffin-embedded lung tissue. Cryosections, which allowed
for a staining, were only available for one animal irradiated with 18 Gy carbon ions, as well as one
unirradiated animal. The results revealed that almost all cells were positive for Slug regardless of
radiation exposure, which can hence be regarded as a common marker in lung tissue without any
implications for the presence of EMT.
Around 10% of the nuclei stained positive for TWIST in both the irradiated and unirradiated
animal. The difference between the values for irradiated and unirradiated animals was not significant,
therefore it can be assumed that radiation exposure does not alter the percentage of TWIST+ nuclei
at late time points. Based on this preliminary result, it is unlikely that EMT plays a role in the
chronic phase of radiation-induced lung fibrosis, which is in agreement with the previously mentioned
studies [99, 107]. Further investigations will focus on earlier time points after radiation when the
development of fibrosis is still ongoing, and an identification of the cell types positive for TWIST might
reveal more information on a possible involvement of EMT in fibrosis.
3.5.6 No evidence for the presence of bone marrow derived fibrocytes during
the chronic phase of fibrosis
The invasion of bone marrow derived fibrocytes (BM fibrocytes), which are positive for leucocyte
and mesenchymal markers, is a known process contributing to radiation-induced fibrosis of the lung
and other organs [120, 121]. Epperly and co-workers transplanted GFP+ bone marrow cells into
X-irradiated mice and found an enrichment of GFP+ cells carrying mesenchymal markers in the lung
after 3 months [121]. No attempt has so far been made to assess the presence of BM fibrocytes in lung
after irradiation with charged particles, neither was the presence of these cells tested at later times
after irradiation.
In the experiments staining lung cryosections for CD45 (leucocyte marker) and Col1A (mesenchymal
marker), no indication for the presence of BM fibrocytes was found in irradiated animals 42 weeks post
irradiation (Figure 3.34, p. 74). CD45+Col1A− cells were detected, indicating that increased numbers
of immune cells are still present in the tissue in the chronic phase. The most likely explanation for
the absence of BM fibrocytes is the loss of CD45 antigen during the differentiation process (reviewed
in [124]). The loss of CD45 and the absence of BM fibrocytes at late time points further indicate that
no new BM fibrocytes are homing to the tissue during the chronic phase of fibrosis.
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3.6 Summary
From the experiments conducted in the present chapter, the following findings are derived:
a. The development of the breathing rate (BR) after exposure to carbon ions is similar to BR
measurements performed in X-irradiated animals. Therefore, the same mechanisms leading to the
BR increase are present, independent from the radiation quality.
b. Carbon ions elicit functional (BR) and morphological (fibrosis) impairments at lower physical doses
than protons. An RBE of 1.3 was calculated for both BR and fibrosis. The reason for the higher
efficiency of carbon ions is likely due to their higher LET leading to a pronounced damage in target
cell types. The increment of the BR can be regarded as a response to radiation induced endothelial
damage and subsequent hypertension. The onset of fibrosis at a lower dose of carbon ions can
also be regarded as a result of cellular damage, however a possible target cell population directly
responsible for the development of fibrosis remains unknown.
c. Alveolar macrophages are increased threefold in the acute phase of the radiation response and
remain increased twofold during the chronic phase. The number of macrophages in a certain phase
is not dependent on the radiation quality. Therefore, the inflammation elicited by carbon ions and
protons is of comparable severity.
d. Alveolar macrophages are confined to irradiated lung parts during the acute phase. In the chronic
phase, macrophages are confined to fibrotic parts of the lung. This finding supports the hypothesis
that macrophages are in part responsible for the development of fibrosis through cytokine release.
e. Epithelial-to-mesenchymal transition (EMT) is not a relevant process 42 weeks after irradiation
with carbon ions. The occurrence of EMT in pulmonary fibrosis therefore remains subject to further
investigation.
f. Bone marrow derived (BM) fibrocytes cannot be detected 42 weeks after exposure to carbon ions.
However, the invasion of BM fibrocytes as a response to X-irradiation was described before in
literature. If this finding also accounts for carbon ion irradiation, then BM fibrocytes have lost the
CD45 antigen during differentiation and the invasion is not anymore taking place in the chronic
phase of the radiation response.

Chapter 4
Conclusions and future research
The present thesis investigated effects of carbon ion irradiation on inflammatory processes and normal
tissue damage in the endothelium and the rat lung. This chapter provides a general summary and
conclusion of the main findings, as well as perspectives for future research.
Recapitulation of the goals and the main results
The first part (Chapter 2) addressed a potential anti-inflammatory effect of low dose ionizing radiation
on endothelial cells, which is a proposed mechanism leading to the antineuralgic effect of radon spa and
other low dose treatments. Experiments conducted in parallel to this thesis demonstrated a significant
reduction of lymphocyte adhesion to endothelial cells in response to low doses of X-rays, pointing
towards an anti-inflammatory response. Based on these results, the present thesis aimed to investigate
whether the surface expression of cell adhesion molecules—the membrane proteins responsible for the
adhesion process—was altered in response to radiation, which would provide an explanation for the
reduced adhesion of lymphocytes. Such an effect has so far only been shown in murine endothelioma
cells, which cannot be considered to be a suitable replacement for human primary cells. This thesis
investigated the question of an anti-inflammatory effect on adhesion molecules for the first time in
primary adult endothelial cells.
To test for such an alteration, multi-color flow cytometry was chosen as the detection method,
combined with antibodies directly conjugated to a fluorophore to achieve highest precision in detecting
adhesion molecules. In initial tests with changing TNFα concentrations, the detection method
performed well with a low inter-sample variation. In fact, the variation was low enough to allow
for a fitting of the results, which lead to the finding that the response of adhesion molecules to a
pro-inflammatory stimulus was dependent on the tissue of origin.
The main finding is that ionizing radiation does not alter the surface expression of adhesion
molecules in a manner that would point towards an anti-inflammatory effect. This statement is
true for all tested radiation qualities, doses, time points, fractionation schemes, adhesion molecules
and endothelial cell strains. Therefore, the hypothesis proposed at the beginning of Chapter 2
is not reflected by the obtained results. In contrast, a general tendency towards an increase of all
cell adhesion molecules after irradiation in already stimulated endothelial cells was observable. This
effect reached significance after two and four days post irradiation with higher doses and implicates a
pro-inflammatory effect of ionizing radiation on top of a stimulation by a cytokine.
The second part (Chapter 3) addressed the pro-inflammatory effect of ionizing radiation within
the scope of normal tissue damage in the lung after carbon ion irradiation. High doses of radiation
absorbed by the normal lung tissue induce vascular damage, parenchymal inflammation and eventually
fibrosis, which represent potentially lethal side effects of radiotherapy. The occurrence of side effects in
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healthy tissue can be expressed by the probability of normal tissue complication as a function of the
radiation dose (NTCP). The second aim of this thesis was to determine the NTCP of lung tissue after
carbon ion irradiation and compare the results with proton irradiation. For this purpose, measurements
of the breathing rate and scoring of morphological effects were used to model the NTCP for different
endpoints. Furthermore, image segmentation approaches were established and enhanced in order to
investigate the relevance of different profibrotic mechanisms in the used model.
The main finding is that carbon ions elicit normal tissue injury in the lung at lower physical doses
than protons. This effect is significant for most of the breathing rate measurements, as well as for
fibrosis. With protons as a reference, an RBE of 1.3 was calculated for the ED50 of the NTCP for the
breathing rate and fibrosis. Based on the present data, chronic parenchymal inflammation, a proposed
elicitor of fibrosis, is not dependent on the radiation quality.
Parenchymal inflammation, especially the presence of macrophages, is discussed to be responsible
for the development of late radiation sequelae such as fibrosis. By image segmentation of whole tissue
slices, increased numbers of macrophages were only found in irradiated lung parts in the acute phase of
the radiation response. In the chronic response, the macrophages were confined to areas with fibrotic
foci. The activation of other profibrogenic mechanisms such as the invasion of bone marrow derived
fibroblast progenitors or the transformation of epithelial cells into fibroblasts could not be confirmed
during the chronic phase.
Conclusions
This thesis contributes to the knowledge about radiation-induced inflammatory responses and normal
tissue damage. The findings from Chapters 2 and 3 show that a possible anti-inflammatory effect of
ionizing radiation is much more challenging to demonstrate than the known pro-inflammatory effect.
The anti-inflammatory effect might simply be too subtile to be detected in the currently used in vitro
system, or occur on a level other than the pure surface expression of adhesion molecules. Current
research conducted at GSI demonstrates that the radiation-induced reduction of leukocyte adhesion is
greatly enhanced under laminar flow conditions similar to the blood stream. Therefore, the surface
expression of adhesion molecules might also be reduced under these conditions, but detection by flow
cytometry still faces technical difficulties due to the very low cell numbers available in this setup.
The presented thesis (Chapter 3) systematically compares for the first time how different qualities
of charged particles elicit this normal tissue damage on several levels. The gained knowledge will be
of importance for future treatment of lung carcinoma with carbon ions. Although carbon ions elicit
normal tissue injury at lower doses than protons, it has to be noted that the calculated RBE of 1.3 is
fairly low. The initial cellular damage, determined by the LET, is responsible for the higher effectivity
of carbon ions compared to protons in triggering macroscopic effects such as the BR increment or
morphological effects. The presented results substantiate a contribution of endothelial cells to the
observed RBE of the BR increment: a higher effectivity of carbon ions in the loss of endothelial cells
could explain the reduced ED50 compared to protons.
Interestingly, parenchymal inflammation does not demonstrate such an LET dependence, whereas
the subsequently following fibrosis does. This finding conflicts with the notion that inflammation
and fibrosis are mechanistically linked; in case of a link, inflammation should demonstrate an LET
dependence that translates into an LET dependence of fibrosis. This discrepancy implies a contribution
of an additional, not identified cell population to the LET effect.
Furthermore, this thesis provides insights on the mechanistic side of normal tissue damage. The
presence of increased macrophage numbers in the radiation field and subsequently in fibrotic parts
supports the idea that the immune system contributes to the development of fibrosis. If the presence
of macrophages in the same area throughout the progress of the radiation damage is confirmed, the
localization of macrophages could serve as an early marker for later developing fibrosis.
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Perspectives for future research
a. Determine the influence of ionizing radiation on the adhesion molecule surface expression under
laminar flow conditions. The anti-inflammatory effect of low dose ionizing radiation might only be
visible under more physiological conditions. The protocol for detecting adhesion molecules has to
be optimized for a small cell population, because the device used for the laminar conditions can
only host very few cells.
b. Investigate effects of radiation on processes downstream of the surface presentation of adhesion
molecules. It has been proposed that processes on the cellular surface, e.g., clustering of adhesion
molecules, can contribute to the adhesion process. If these processes are perturbed by ionizing
radiation, e.g., by modulation of the cytoskelettal dynamics, the adhesion process might be impaired.
Such an impairment could in turn explain the discrepancy of a reduced leukocyte adhesion without
a detectable change in the adhesion molecule surface expression.
c. Substantiate the dependence of vascular damage on the LET. Vascular damage represents a
morphological change which can be observed histologically starting from 2 weeks post irradiation.
If endothelial cell loss and therefore vascular damage contribute to the increased breathing rate
as suggested, carbon ion irradiation should induce vascular damage at lower physical doses than
protons. This investigation is in progress.
d. Use immunofluorescence to determine the influence of different radiation qualities on parenchymal
inflammation. Up to now, the ED50 values for parenchymal inflammation were determined by
modeling scores. However, scoring might be to coarse to detect a differential effect of protons
and carbon ions. For this reason, immunofluorescent stainings combined with image segmentation
should be used, which is much more precise and should thus reveal a difference between carbon ions
and protons.
e. Conduct experiments which track the turn-over of macrophages in irradiated vs. shielded lung parts.
If macrophages contribute to the pathogenesis of fibrosis from early on, macrophages should be
constantly present in irradiated areas until fibrosis has developed. This investigation requires a very
clearly defined dissection protocol, together with more time points post irradiation. The developed
whole-slice scan technique can be of help for this investigation.
f. Investigate profibrogenic mechanisms at earlier timepoints. Based on the presented findings, relevant
profibrogenic mechanisms such as fibrocyte invasion or EMT are likely to occur at the beginning
of the fibrotic development. EMT and fibrocyte markers could only be stained in cryosections of
lung tissue, which is only available for the 42 week timepoint. Upcoming experiments will provide
cryosections of animals sacrificed 8 weeks post irradiation at early stages of fibrosis.
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Type of device Product designation Manufacturer
Autoclave Autoklav EL Tutthauer Systec
Cell counter Z2 Beckman Coulter
Centrifuge Multifuge 3 S-R Thermo Scientific
Centrifufe Fresco 17 Thermo Scientific
Confocal Microscope LSM 700 Zeiss, Jena
Confocal Microscope TCS-SPE Leica, Mannheim
Dosimeter SN54 PTW Freiburg
Embedding station Histokinette Leica
Flow Cytometer PAS III Partec, Mu¨nster
Flow Cytometer FACSCanto II BD Biosciences, Heidelberg
Freezer −80 ◦C Nuaire NU-6382E Integra Biosciences, Fernwald
Ice machine Flake-Line Wessamat
Incubator BBD-6220 Heraeus Instruments, Hanau
Laminar flow cabinet HeraSafe Heraeus
Laminar flow cabinet Laminair Modell 1,2 Holten
Liquid N2 Tank GT 80 Air Liquide
Liquid N2 Tank Thermolyne 8 Plus Fisher Scientific
Micropipet Eppendorf Research Eppendorf
Microscope BX61 Olympus
Microtome 2050 Reichert-Jung
Mini Incubator CULTURA pbi, Milano, Italy
PC Optiplex 780 Dell, Inc., Austin, TX, USA
pH meter Calimatic 766 Knick
Pipet helper Pipetboy acu Integra Biosciences
Scale Pra¨zisionswaage Sartorius handy Sartorius
Ultrapure water TKA Micropure





Type Product designation Manufacturer
Cell culture flasks BD Falcon
Cell scraper TPP
Cover slips 24× 24 mm Roth
Cryo tubes Greiner
Flow cytometer tubes Roth
Glass slides StarFrost Knittel Gla¨ser
Gloves, Latex rotiprotect Roth
Gloves, Nitril Format blue Unigloves
Petri dishes 3.2 cm Nunc
Pipets, glass EM Techcolor Hirschmann
Pipets, plastic Greiner
Reaction tubes 0.5–2 ml Eppendorf
Wipes Kimwipes Lite 100 Kimberly Clark
Table A.3 Software
Type of software Product designation Developer
Cell segmentation CellProfiler 2.0 (r11710) Broad Institute, Boston, USA
Data analysis Origin 8.5 Originlab
R 2.15.2 The R project
Data representation SATAN/GD GSI
Origin 8.5 Originlab
Flow cytometry analysis FloMax Partec, Mu¨nster
Flow cytometry analysis FlowJo 7.9.4 TreeStar Inc., Ashland, OR, USA
Image analysis ImageJ NIH, USA
Typesetting LaTeX







Ethanol 100% denatured Roth
Fetal calf serum (FCS) Biochrom
Formaldehyde (37% min., acid free) Merck
Glacial acetic acid Merck
Goat Serum Life Technologies
Hematoxylin after Delafield Roth









Sudan Black B Roth

















































































































































































































































































































































































































































































































































































Phosphate buffered saline (PBS)
General purpose isotonic solution. Used for histochemistry to spare prepared cell culture PBS. For a
working solution, prepare
137 mM NaCl
7.9 mM Na2HPO4 · 2 H2O
2.7 mM KCl
1.5 mM KH2PO4
in bidistilled water. Adjust the pH to 7.4 if necessary. Autoclave and store at room temperature.
Citric saline
Used for detachment of endothelial cells for flow cytometry. Does not influence detection of adhesion
molecules. For a 10× stock solution prepare
1.35 M KCl
0.15 M sodium citrate
in ultrapure water. Autoclave and store at 4 ◦C. For detachment, warm to 37 ◦C, dilute to 1× in
ultrapure water. Wash cells once with PBS and incubate for 5 min at 37 ◦C, use scraper if necessary.
Citric acid buffer
Used for antigen retrieval. For a 10× stock solution mix
14.7 g sodium citrate
10.5 g citric acid
500 ml bidistilled water.
Autoclave and store at room temperature. Dilute to 1× with bidistilled water and set pH to 6.0 with
NaOH before use.
Combined Sudan Black B and DAPI solution
Used for combined reduction of tissue autofluorescence and nuclear staining. For the final working
solution, mix
100 mg Sudan Black B powder
100 ml 70% ethanol
500 µl DAPI (from 1 mg ml−1 stock solution).
Fill in 50 ml centrifuge tube and store at room temperature. Toxic! Apply approx. 100 µl for 10 min
directly on tissue slice. Wash 10 min with tap water.
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Eosin staining solution
Used as a counterstain in the Hematoxylin-Eosin staining. Hematoxylin is applied undiluted directly
from stock. For the working solution, dissolve 1 g Eosin Y in 100 ml aqua dest. Fill 741 ml 100%
ethanol in a bottle, add 39 ml bidistilled water and 4 ml glacial acetic acid. Finally, add the dissolved




B.1 Late effects of carbon ion and proton irradiation in the rat lung
Table B.1 Sample sizes and 95% confidence limits for data depicted in Figure 3.17A
Regimen Dose (Gy) Lower limit NTCP Upper limit No. of animals
Carbon ions 0.00 0.00 0.00 0.46 6
50% volume 6.50 0.00 0.00 0.71 3
acute phase 8.80 0.01 0.33 0.91 3
10.50 0.03 0.20 0.56 10
11.10 0.00 0.00 0.71 3
11.25 0.00 0.17 0.64 6
12.00 0.01 0.20 0.72 5
12.75 0.12 0.50 0.88 6
13.40 0.01 0.33 0.91 3
13.50 0.01 0.20 0.72 5
14.25 0.12 0.50 0.88 6
15.00 0.04 0.33 0.78 6
15.70 0.09 0.67 0.99 3
15.75 0.22 0.67 0.96 6
16.50 0.36 0.83 1.00 6
17.25 0.21 0.56 0.86 9
18.00 0.29 1.00 1.00 3
Protons 0.00 0.00 0.00 0.31 10
50% volume 16.00 0.01 0.20 0.72 5
acute phase 17.00 0.00 0.00 0.46 6
18.00 0.12 0.50 0.88 6
19.00 0.22 0.67 0.96 6
20.00 0.22 0.67 0.96 6
21.00 0.22 0.67 0.96 6
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Table B.2 Sample sizes and 95% confidence limits for data depicted in Figure 3.17B
Regimen Dose (Gy) Lower limit NTCP Upper limit No. of animals
Carbon ions 0.00 0.00 0.00 0.46 6
100% volume 4.50 0.00 0.00 0.71 3
acute phase 6.10 0.01 0.33 0.91 3
7.70 0.00 0.00 0.71 3
8.50 0.03 0.20 0.56 10
9.00 0.15 0.60 0.95 5
9.30 0.01 0.33 0.91 3
9.50 0.04 0.33 0.78 6
10.00 0.04 0.33 0.78 6
10.50 0.28 0.80 0.99 5
10.90 0.01 0.50 0.99 2
11.00 0.48 1.00 1.00 5
11.50 0.48 1.00 1.00 5
12.00 0.40 1.00 1.00 4
12.50 0.63 1.00 1.00 8
13.00 0.03 1.00 1.00 1
Protons 0.00 0.00 0.00 0.31 10
100% volume 9.00 0.00 0.00 0.46 6
acute phase 9.80 0.00 0.00 0.46 6
10.60 0.00 0.00 0.46 6
11.40 0.04 0.33 0.78 6
12.20 0.22 0.67 0.96 6
13.00 0.36 0.83 1.00 6
B.1 LATE EFFECTS OF CARBON ION AND PROTON IRRADIATION IN THE RAT LUNG 111
Table B.3 Sample sizes and 95% confidence limits for data depicted in Figure 3.17C
Regimen Dose (Gy) Lower limit NTCP Upper limit No. of animals
Carbon ions 0.00 0.00 0.00 0.46 6
50% volume 6.50 0.00 0.00 0.84 2
chronic phase 8.80 0.00 0.00 0.71 3
10.50 0.00 0.00 0.52 5
11.10 0.00 0.00 0.71 3
11.25 0.00 0.17 0.64 6
12.00 0.40 1.00 1.00 4
12.75 0.36 0.83 1.00 6
13.40 0.00 0.00 0.71 3
13.50 0.01 0.20 0.72 5
14.25 0.15 0.60 0.95 5
15.00 0.12 0.50 0.88 6
15.70 0.09 0.67 0.99 3
15.75 0.36 0.83 1.00 6
16.50 0.36 0.83 1.00 6
17.25 0.19 0.75 0.99 4
18.00 0.09 0.67 0.99 3
Protons 0.00 0.00 0.125 0.53 8
50% volume 16.00 0.28 0.80 0.99 5
chronic phase 17.00 0.00 0.17 0.64 6
18.00 0.04 0.33 0.78 6
19.00 0.04 0.33 0.78 6
20.00 0.12 0.50 0.88 6
21.00 0.36 0.83 1.00 6
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Table B.4 Sample sizes and 95% confidence limits for data depicted in Figure 3.17D
Regimen Dose (Gy) Lower limit NTCP Upper limit No. of animals
Carbon ions 0.00 0.00 0.00 0.46 6
100% volume 4.50 0.00 0.00 0.71 3
chronic phase 6.10 0.00 0.00 0.84 2
7.70 0.00 0.00 0.71 3
8.50 0.00 0.00 0.52 5
9.00 0.05 0.40 0.85 5
9.30 0.00 0.00 0.71 3
9.50 0.00 0.00 0.52 5
10.00 0.04 0.33 0.78 6
10.50 0.01 0.25 0.81 4
10.90 0.01 0.50 0.99 2
11.00 0.00 0.00 0.84 2
11.50 0.00 0.00 0.84 2
12.50 0.00 0.00 0.71 3
Protons 0.00 0.00 0.125 0.53 8
100% volume 9.00 0.00 0.00 0.46 6
chronic phase 9.80 0.00 0.00 0.46 6
10.60 0.00 0.00 0.46 6
11.40 0.00 0.00 0.46 6
12.20 0.00 0.00 0.46 6
13.00 0.00 0.00 0.52 5
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Table B.5 Scoring raw data for fibrosis. ni is the number of tissue
slices with score i, x¯ and x˜ are the mean and median of all scores,
respectively.
Regimen Dose n0 n1 n2 n3
∑
ni x¯ x˜
42 weeks 0 Gy 66 1 5 1 73 0.19 0.0
Carbon ions 7.70 Gy 10 2 0 0 12 0.17 0.0
100% volume 8.50 Gy 25 1 0 0 26 0.04 0.0
42 weeks 9.00 Gy 29 0 0 0 29 0.0 0.0
9.50 Gy 27 1 0 0 28 0.04 0.0
10.00 Gy 16 5 5 0 26 0.58 0.0
10.50 Gy 10 2 0 0 12 0.17 0.0
11.50 Gy 9 0 1 0 10 0.2 0.0
12.50 Gy 6 5 1 0 12 0.58 0.5
Carbon ions 10.50 Gy 28 1 0 1 30 0.13 0.0
50% volume 11.00 Gy 2 0 0 0 2 0.0 0.0
42 weeks 11.10 Gy 10 0 0 0 10 0.0 0.0
11.25 Gy 22 7 3 0 32 0.41 0.0
12.00 Gy 3 2 1 0 6 0.67 0.5
12.75 Gy 9 3 5 1 18 0.89 0.5
13.40 Gy 1 5 0 0 6 0.83 1.0
13.50 Gy 11 6 6 3 26 1.04 1.0
14.25 Gy 18 1 7 2 28 0.75 0.0
15.00 Gy 13 5 10 1 29 0.97 1.0
15.70 Gy 2 6 3 1 12 1.25 1.0
15.75 Gy 13 6 7 8 34 1.29 1.0
16.50 Gy 14 2 6 5 27 1.07 0.0
17.25 Gy 12 8 6 1 27 0.85 1.0
18.00 Gy 2 1 4 3 10 1.8 2.0
Protons 9.00 Gy 23 1 2 0 26 0.19 0.0
100% volume 10.60 Gy 28 0 0 0 28 0.0 0.0
42 weeks 11.40 Gy 27 2 0 0 29 0.07 0.0
12.00 Gy 16 0 0 0 16 0.0 0.0
12.20 Gy 18 8 0 0 26 0.31 0.0
13.00 Gy 28 2 0 0 30 0.07 0.0
14.00 Gy 14 2 2 0 18 0.33 0.0
15.00 Gy 4 4 3 1 12 1.08 1.0
17.00 Gy 12 2 4 0 18 0.56 0.0
Protons 16.00 Gy 8 15 4 1 28 0.93 1.0
50% volume 17.00 Gy 3 10 14 1 28 1.46 2.0
42 weeks 18.00 Gy 5 9 11 5 30 1.53 2.0
20.00 Gy 7 5 11 4 27 1.44 2.0
21.00 Gy 5 5 4 4 18 1.39 1.0
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Table B.6 Scoring raw data for parenchymal inflammation. ni is
the number of tissue slices with score i, x¯ and x˜ are the mean and
median of all scores, respectively.
Regimen Dose n0 n1 n2 n3
∑
ni x¯ x˜
42 weeks 0 Gy 54 15 3 1 73 0.33 0.0
Carbon ions 7.70 Gy 8 3 1 0 12 0.42 0.0
100% volume 8.50 Gy 23 2 1 0 26 0.15 0.0
42 weeks 9.00 Gy 17 6 2 4 29 0.76 0.0
9.50 Gy 21 7 0 0 28 0.25 0.0
10.00 Gy 9 8 7 2 26 1.08 1.0
10.50 Gy 5 5 2 0 12 0.75 1.0
11.50 Gy 4 4 2 0 10 0.8 1.0
12.50 Gy 2 8 2 0 12 1.0 1.0
Carbon ions 10.50 Gy 23 6 1 0 30 0.27 0.0
50% volume 11.00 Gy 0 1 1 0 2 1.5 1.5
42 weeks 11.10 Gy 8 2 0 0 10 0.2 0.0
11.25 Gy 17 9 6 0 32 0.66 0.0
12.00 Gy 3 3 0 0 6 0.5 0.5
12.75 Gy 7 2 8 1 18 1.17 1.5
13.40 Gy 1 1 4 0 6 1.5 2.0
13.50 Gy 6 10 9 1 26 1.19 1.0
14.25 Gy 17 2 9 0 28 0.71 0.0
15.00 Gy 10 10 8 1 29 1.0 1.0
15.70 Gy 1 5 4 2 12 1.58 1.5
15.75 Gy 14 6 9 5 34 1.15 1.0
16.50 Gy 13 4 8 2 27 0.96 1.0
17.25 Gy 8 10 8 1 27 1.07 1.0
18.00 Gy 0 4 3 3 10 1.9 2.0
Protons 9.00 Gy 19 4 3 0 26 0.38 0.0
100% volume 10.60 Gy 18 10 0 0 28 0.36 0.0
42 weeks 11.40 Gy 24 5 0 0 29 0.17 0.0
12.00 Gy 15 1 0 0 16 0.06 0.0
12.20 Gy 5 12 9 0 26 1.15 1.0
13.00 Gy 22 8 0 0 30 0.27 0.0
14.00 Gy 11 4 3 0 18 0.56 0.0
15.00 Gy 1 5 6 0 12 1.42 1.5
17.00 Gy 5 5 7 1 18 1.22 1.0
Protons 16.00 Gy 9 10 8 1 28 1.04 1.0
50% volume 17.00 Gy 2 7 18 1 28 1.64 2.0
42 weeks 18.00 Gy 3 7 15 5 30 1.73 2.0
20.00 Gy 4 8 10 5 27 1.59 2.0
21.00 Gy 2 5 6 5 18 1.78 2.0
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Table B.7 Scoring raw data for vascular damage. ni is the
number of tissue slices with score i, x¯ and x˜ are the mean and
median of all scores, respectively.
Regimen Dose n0 n1 n2
∑
ni x¯ x˜
42 weeks 0 Gy 37 20 16 73 0.71 0.0
Carbon ions 7.70 Gy 8 4 0 12 0.33 0.0
100% volume 8.50 Gy 3 11 12 26 1.35 1.0
42 weeks 9.00 Gy 1 10 18 29 1.59 2.0
9.50 Gy 22 5 1 28 0.25 0.0
10.00 Gy 4 7 15 26 1.42 2.0
10.50 Gy 4 6 2 12 0.83 1.0
11.50 Gy 2 5 3 10 1.1 1.0
12.50 Gy 8 2 2 12 0.5 0.0
Carbon ions 10.50 Gy 23 4 3 30 0.33 0.0
50% volume 11.00 Gy 2 0 0 2 0.0 0.0
42 weeks 11.10 Gy 5 3 2 10 0.7 0.5
11.25 Gy 12 7 13 32 1.03 1.0
12.00 Gy 3 2 1 6 0.67 0.5
12.75 Gy 2 3 13 18 1.61 2.0
13.40 Gy 4 1 1 6 0.5 0.0
13.50 Gy 3 6 17 26 1.54 2.0
14.25 Gy 4 8 16 28 1.43 2.0
15.00 Gy 15 3 11 29 0.86 0.0
15.70 Gy 2 3 7 12 1.42 2.0
15.75 Gy 12 5 17 34 1.15 1.5
16.50 Gy 12 5 10 27 0.93 1.0
17.25 Gy 14 9 4 27 0.63 0.0
18.00 Gy 0 0 10 10 2.0 2.0
Protons 9.00 Gy 8 8 10 26 1.08 1.0
100% volume 10.60 Gy 12 5 11 28 0.96 1.0
42 weeks 11.40 Gy 8 9 12 29 1.14 1.0
12.00 Gy 11 1 4 16 0.56 0.0
12.20 Gy 1 10 15 26 1.54 2.0
13.00 Gy 7 4 19 30 1.4 2.0
14.00 Gy 3 2 13 18 1.56 2.0
15.00 Gy 4 0 8 12 1.33 2.0
17.00 Gy 10 1 7 18 0.83 0.0
Protons 16.00 Gy 2 9 17 28 1.54 2.0
50% volume 17.00 Gy 1 13 14 28 1.46 1.5
42 weeks 18.00 Gy 1 4 25 30 1.8 2.0
20.00 Gy 5 6 16 27 1.41 2.0
21.00 Gy 3 4 11 18 1.44 2.0
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50% eld, Week 6–12
50% eld, Week 36–42
100% eld, Week 6–12
Figure B.1 Log-likelihood surface for the NTCP of the breathing rate measurements. The ED50
is plotted as a function of the central slope σ of the sigmoid curve. Solid (protons) and dashed
(carbon ions) lines indicate the parameter values at 95% confidence level for 50% field, 6–12 weeks
post irradiation (top left panel), 100% field, 6–12 weeks (top right panel), and 50% field, 36–42 weeks
(top right panel). Corresponding fits are shown in Figure 3.17 (p. 55). Separated circles indicate that
carbon ion and proton dose response curves have a < 5% probability of having the same parameter set
(ED50 and σ), which is an indicator for a significant difference between both dose response curves.







Figure B.2 Log-likelihood surface for the NTCP of late histological effects. The ED50 is plotted
as a function of the central slope σ of the sigmoid curve. Solid (protons) and dashed (carbon ions)
lines indicate the parameter values at 95% confidence level for fibrosis (top panel) and inflammation
(bottom panel). Corresponding fits are shown in Figure 3.23 (p. 61). Separated circles indicate that
carbon ion and proton dose response curves have a < 5% probability of having the same parameter set
(ED50 and σ), which is an indicator for a significant difference between both dose response curves.
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Figure B.3 Automated analysis of fibrosis. The fibrotic area per image, which is increased in fibrosis,
was detected automatically from differential interference contrast (DIC) images. Histograms of the
number of images as a function of the area occupied by tissue (%). Animals sacrificed during the chronic
(‘late’) phase had a significantly larger fibrotic area than the acute (‘early’) phase or unirradiated
animals (p < 0.001, Kruskal-Wallis test). Fibrotic area from animals irradiated with carbon ions
was not significantly different from proton-irradiated animals. n = 376–482 images per dose
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Figure B.4 Whole-slice scan of animals receiving dose to the whole lung (100% irradiated volume).
12.5 Gy carbon ions after 8 weeks (A) and 42 weeks (B) post irradiation. Colors are mapped to
the number of ED1+ cells in percent of all cells. Both tissue slices show an even distribution of the
macrophages. Black and grey lines in legend indicate mean ± SD. Scale bar: 1 mm

Appendix C
Software developed for this project
In this appendix, the CellProfiler pipelines and analysis scripts developed for this project are listed and
briefly explained. All pipelines and scripts are version controlled with git.1 A version identifier, also
termed git commit id, is given for each pipeline or script. This value uniquely identifies the version
used for the analyses presented herein, and can be used for future reference to reproduce the results.
C.1 Cellprofiler pipelines
A ‘pipeline’ is a modular script which is used for image analysis with CellProfiler. Pipelines have to be
developed by hand for the analysis they should perform and fine-tuned for the experimental setup.
In the scope of this dissertation, the development and fine-tuning was performed on a representative
image set. The version of CellProfiler used was 2.0 r11710. Table C.1 lists the git version identifiers
of the CellProfiler pipelines used for analysis and generation of the data for this thesis. All files can be
downloaded under the following URL:
http://webdocs.gsi.de/~tdettmer/dissertation_dettmering.zip
Table C.1 CellProfiler pipelines developed in this thesis and their function
Name Input Output Version identifier
TD DetectPositives.cp DAPI + 2 Ch. No. of nuclei, no. of stained cells 0edfed8d20
TD FibrosisDIC.cp DIC images Fibrotic area (%) c5a754c6ea
FocusCheck.cp DAPI image Score for sharpness 299baebe0c
1http://www.git-scm.com
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Figure C.1 Overview of TD DetectPositives.cp. This pipeline can process a DAPI channel for
nuclei identification + 2 fluorescence channels. For clarity, only one fluorescence channel is shown.
After loading of the images and illumination correction, the threshold is calculated for the fluorescence
image. In the DAPI channel, nuclei are identified and the number of nuclei for each image is written
to the database. The boundaries of the nuclei are dynamically extended to the cell boundaries. If the
mean fluorescence intensity of the cell I¯cell is greater than the threshold T and if the identified cells
fulfill size criteria, the number of positive cells per image is written to the database.
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C.2 Analysis scripts
Several analysis scripts were developed in order to facilitate analysis of large data sets. All scripts
were written in the Python programming language, version 2.7 [138].
br-binarize.py
br-binarize.py was developed to binarize recordings of the breathing rate, which is the basis for
the NTCP calculation shown in this thesis. The script needs to be provided with the threshold BR
indicating a significant increase. It further needs to be provided with the time frame in weeks and the
volume to be considered. The data were analyzed with version 26a40e0d7a. In this early version, the
variables have to be edited directly in the script.
cellcruncher
The cellcruncher script was developed for the analyses of large CellProfiler raw data sets and was
tailored for the analysis of the results from the TD DetectPositives.cp pipeline. In brief, the script
uses the identifier of a tissue slice to find all images taken from that slice. Then, several values are
calculated per slice, such as the percentage of macrophages. All data for quantification of macrophages
were analyzed with this script, the analyses shown herein were performed with version 7954c135f3.
tilefocus
The tilefocus package was developed to extract files from multi-tile, multi-z, multi-channel Leica
image files, score their focus and select the best-focused images for generation of whole-slice scans.
First, an ImageJ script extracts all files to .tif files. Then, a CellProfiler pipeline is used to score all
images for their focus. Afterwards, a script outputs a list with the file name of the most-focused image
per tile, which can be used to copy these images to a separate folder. Another Python script can relate
the file name to the X/Y position of the stage, which are found in the metadata of the initial Leica
image file. The whole-slice scans shown herein were generated with version 299baebe0c.
heatmap-tile.py
This script generates graphical representations of whole-slice-scans. It loads comma separated value
(CSV) files, where the first two columns represent the X and Y positions of the microscope stage and
all subsequent columns can be used to generate the heatmap. The script automatically centers the tile
scans and scales the output appropriately so that the whole slice is seen. The selected columns are used
to calculate the heat map, for which different look-up-tables can be chosen. The single ‘tiles’ reflect
the actual physical size and proportion of the underlying image. The script further draws a scale bar
and includes the mean ± standard deviation values in the legend. The graphical representations of the
whole-slice scans shown herein were generated with version 745c4c4d90.
rastersim.py
rastersim.py generates the bootstrapping analysis by applying the process described in section 3.2.6.
The input file is a CSV file, which is a whole-slice scan in the analyses shown here. The analyses were
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